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CHAPTER 1
INTRODUCTION
In an ordinary heat recuperator, two fluids exchange heat through a 
solid wall. For a large-scale operation in which the amount of heat transferred 
is enormous, or if one of the fluids exchanging thermal energy is dust laden 
gas, or one of the gases is too hot or reactive, ordinary heat recuperators are 
not efficiently used. For such cases, heat regenerators are used for thermal 
energy exchange. The characteristic feature of the heat regenerator is that the 
same space is alternatively occupied by two gases. During the occupancy of 
void space in the regenerator, warmer gas delivers thermal energy to the 
discretely distributed solids with high heat capacity and density and the colder 
gas picks up this thermal energy when it flows through the same space at 
another time interval. In this way heat regenerators have distinct advantage 
that the heat does not have to pass through the solid wall. Since solids on a 
volume basis have very large heat capacity compared to gases, they can be 
efficiently used for intermediate storage of heat to be transferred from one gas 
to another. 
Regenerators can be designed in different ways for continuous and 
batch operations. They can be fixed solid devices such as the packed bed, the 
rotating wheel, the monolith unit or well mixed devices such as single stage 2 
and multistage fluidized beds. In order to have continuous operation two heat 
regenerators are usually employed through which cold and hot gases pass 
through alternatively. Figure 1.1 shows the details of a typical single hot pass 
in a regenerator and simultaneous hot and cold passes in coupled heat 
regenerators. Also single cylindrical rotating regenerators are designed, which 
pass through hot and cold gas streams in each rotation. Examples of the 
rotating type are the Ljungstrom air preheater for boilers and the Ritz 
regenerator for gas turbines. 
Regenerators find applications in electric utilities in meeting the 
demands during the peak hours, in residential and commercial energy usage 
and most importantly to enhance overall efficiency by recovering heat. 
Regenerators are used as air preheaters in open hearth furnaces and blast 
furnaces, as heat storage and exchange units in the glass industry. To mention 
shortly heat regenerators are or can be used as heat storage units in many 
industries. 
In a process which involves both endothermic and exothermic 
reactions heat regenerators can be used to transfer heat from the exothermic 
reaction to the endothermic reaction. For example in the REGAS process 
(Levenspiel, 1988) heat regenerators transfer heat from exothermic coal 
combustion to endothermic coal gasification to produce synthesis gas. An 
important aspect of the REGAS process is that the temperature changes 
involved are much higher than in usual heat transfer without reaction. 3 
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Figure 1 1. The Packed Bed Heat Regenerators 4 
In the economic crisis that hit Germany soon after the World War I, the 
'Institute of Heat Recovery' under the direction of Kurt Rummel was 
established in Dusseldorf and developed the theory and the design method for 
heat regenerators. Again in 1973 oil embargo established by major oil 
producing countries in the Middle East made many industrial countries realize 
their dependence on oil producing countries in the Middle East. Research and 
development towards energy usage and conservation again gained momentum 
and it became obvious that energy storage devices could greatly assist  in 
improving overall efficiency of very large plants. In 1975 the 'Energy Research 
and Development Administration (ERDA)' of U.S. government requested 
National Research Council (NRC)' to undertake a study on the potential of 
advanced energy storage systems. Thus study of regenerators gained 
momentum again. 
The thesis is primarily an analysis of the spreading of the temperature 
front in a packed bed heat regenerator with and without reaction. First we try 
to come up with a design criterion for heat regenerators in which there is no 
chemical reaction involved. A model is proposed for a heat regenerator when 
gas properties are dependent on temperature. The individual effects of gas 
heat capacity, density and heat transfer coefficient are dealt with in detail. The 
problem is treated as compressible flow with accumulation in both phases, 
with all varying physical and thermodynamic properties of gas phase. The 
work is restricted to a study of regenerators with only convection effects, thus 5 
neglecting radiation and thermal conduction in either gas phase or solid phase. 
The dispersion in the radial direction is assumed to be infinite and axial 
dispersion is assumed negligible. Pressure drop effects are neglected. The 
assumptions made and conditions in which these assumptions hold are 
discussed in Chapters 3 and 5. Finally a preliminary study on the heat 
regenerator as a reactor is done. This preliminary study was necessary as there 
has been no direct modeling work previously done in this area. All simulations 
presented here are for the single-blow operation where the bed is initially at a 
uniform temperature and the gas temperature changes to a constant value for 
a time greater than zero. 
Although there is abundant literature available in the area of heat 
regenerators, it is very less compared to other areas of heat transfer and 
reactions. Chapter 2 deals with the literature survey we did. Chapter 3 deals 
with the modeling of heat regenerator without reaction. In Chapter 4 the 
results of model equations are discussed and suggestions on efficient operation 
of heat regenerator are made. Chapter 5 deals with the modeling of heat 
regenerator with reactions. A general criterion for modeling compressible flow 
regenerator-reactor is also mentioned. The results of model of heat regenerator 
as reactor are discussed in Chapter 6. Conclusions and recommendations for 
future work are made in Chapter 7. 
The mass accumulation of gas is explained in Appendix A. The effect of 
parallel accumulation and reaction is explained in Appendix B. The finite 6 
difference approximations used in the early stages of regenerator theory are 
not satisfactory. A more efficient method of numerical solution by polynomial 
approximation called 'orthogonal collocation' is used in this work. Appendix C 
contains a brief explanation of the method of orthogonal collocation. 7 
CHAPTER 2
LITERATURE SURVEY
The first procedure to solve regenerator process is to use empirical data 
to set up an approximative equation (Jakob, 1957). The regenerator process is 
so complicated that the best that can be expected is reasonable approximation 
in special cases similar to those for which data had been found by special 
experiments or by operation and experience. Jakob (1957) mentions that 
Heilingenstaedt (1928-29), Hausen (1931, 1938-39) and Ackermann (1931)  did 
some work in this area. We will not discuss this area because the approach 
used is in this thesis is to develop models from basic engineering principles. 
The other procedure is modeling the regenerator process. Most of early 
modeling work has been done on the configuration in which fluid flows in 
channels rather than the packed bed heat regenerator, which is treated in this 
thesis. Fortunately treatment of both kinds of regenerators is very similar. 
Anzelius (1926), Nusselt (1927) and Schumann (1929) were the pioneers of 
single blow studies (Jakob, 1957). During a single blow process the hot and 
cold gases are passed through regenerator bed alternately. Hausen (1927, 1929), 
Nusselt (1928), Schmeidler (1928) and Ackermann (1931) have treated the cyclic 
process (Jakob, 1957). As our main concern is to study the 'compressible 
model' of heat regenerator we will focus on assumptions made in important 
regenerator theories. 8 
Nusselt (1927) performed calculations for five cases with the assumption 
of constant h, Cp and gas mass flux (Jakob, 1957). One of his assumptions that 
"thermal conductivity of solids is zero parallel to the gas flow and large 
normal to the gas flow ", is used in our model as well. The assumed linear 
model has been solved by Anzelius (1926), Nusselt (1927), Hazen (1927, 1929) 
and finally by Schumann (1929) (Jakob 1957). Jakob (1957) explains "Since for 
ideal gases, product of density and linear velocity is nearly constant and Cp 
varies only little with temperature, considering further that heat transfer 
coefficient had to be assumed constant, it would not have made any sense to 
consider temperature influence of velocity". However the temperature 
dependence of the heat transfer coefficient and the heat capacity of gas have 
considerable effect on the system, as will be shown in this thesis. 
The effect of thermal conductivity of solid is considered in detail by 
Nusselt (Jakob, 1957). In one of Hausen's (1930) papers on heat regenerators, 
descriptions of regenerators in counterflow and unidirectional flow are given 
based on linear models (Jakob, 1957). Hausen (1931) makes use of finite 
differences for cyclic operation (Jakob, 1957). Nusselt (1927) and Hausen (1931) 
suggest different numerical approximations which are basically derived from 
the finite difference concept to solve the problem (Jakob, 1957). Some 
simplified models have been proposed by Heiligenstaedt and Rummel 
(1928-29), Hausen (1938-39) (Jakob, 1957). Saunder's and Ford (1940) performed 
some experiments on packed bed regenerators based on a similarity analysis 9 
(jakob,1957). The work does not directly concern our field of interest. 
McAdams (1954) does not list any treatment of compressible flow for heat 
regenerator in his book and observes that "Axial conduction within the matrix 
has always been neglected". Kern (1965) also cites a linear heat regenerator 
model even though compressible fluids are involved. 
Schmidt and Willmott (1981) cover many important developments on 
heat regenerators. They chronologically cover important developments taken 
place on regenerators in their book, but dedicate only one chapter to packed 
bed heat regenerators. Throughout their book they treat simple to complicated 
models dealt till then. The temperature dependence of the thermal heat 
capacity of gas, heat transfer coefficient, solid thermal conductivity are taken 
into account on different occasions, but no model takes the compressible 
nature of gas into account. Very often the numerical method used is not 
dependable (Finite differences and methods derived from finite differences). 
Schmidt and Willmott (1981) mention that the use of a packed bed as a 
regenerator has advantages in terms of large surface to volume ratio and 
disadvantages like high pressure drop. If instead of small packings, relatively 
large packings are used (bricks) the pressure drop would be very less and a 
compromise between pressure drop and volume to surface ratio can be 
reached. Always incompressible flow is assumed. The thermal dispersion 
(Chao and Hoelscher, 1966; Edwards and Richardson, 1968) and intra-particle 
conduction (Rosen, 1952; Babcock, Green and Perry, 1966; Handley and Heggs, 10 
1969 from Schmidt and Willmott, 1981; Leung and Quon, 1965) are taken into 
account separately neglecting accumulation in gas phase in each case. An 
evaluation of the various methods available for transient response of the 
packed beds has been presented by Jeffreson in 1972 (Schmidt and Willmott, 
1981). Also some variations in inlet mass flux and temperature have been 
considered. But all models assume incompressible flow. 
Levenspiel (1983) used the dispersion model to account for the 
spreading of the temperature front due to axial dispersion in the gas phase, 
radial conduction in solid phase and film resistance. However this model uses 
constant properties and incompressible flow. His model makes use of the 
additive nature of variances due to three resistances, but requires that the 
model equations be linear. Ramachandran and Dudukovie (1984) solve the 
regenerator model using triple collocation, i.e. collocation in space and time. 
However this model neglects accumulation in the gas phase and the effects of 
temperature on physical properties. The model is basically meant to solve the 
regenerator process in periodic operation rather than during start up. However 
the model takes into account the effects of thermal conduction in the solids in 
radial direction and axial dispersion in gases. Dudukovie and Ramachandran 
(1985) developed design criteria for periodic operation of heat regenerators. 
Their analysis assumes a constant switching time to reach the periodic solution 
to linear equations. However since the steady state efficiency depends upon 
the switching time, a better procedure might be to operate at highest efficiency 11 
during start up until a point is reached when efficiency can not be more than 
100%. Khan and Beasley (1989) study the two dimensional effects on the 
response of packed bed heat regenerators. They use the model developed by 
Beasley and Clark (1984) which takes into account the variation of void 
fraction and velocity in the radial direction. The model also incorporates effects 
of thermal and axial dispersion in the gas phase and the effects of wall heat 
capacity. However the compressible nature of the gases and conductivity in the 
solids are not included. Kokron (1991) solved the regenerator process by 
orthogonal collocation for the single blow case incorporating the compressible 
nature of the gas and temperature dependence of Cp. However a constant heat 
transfer coefficient was assumed. 
Very little work has been done in the area of analyzing the spread of 
temperature front and the speed of the operation for nonlinear models. This 
thesis demonstrates the importance of including temperature dependency of 
gas properties in regenerator models when large temperature changes occur in 
the gas stream. 
In addition there is no direct previous work of modeling the regenerator 
as a reactor. There are some packed bed models, but the regenerator problem 
is not dealt with specifically. The model and the numerical method must be 
robust and accurate to withstand large temperature swings and fast changes in 
the concentrations. As an example of an application, the REGAS process 
(Levenspiel, 1988) makes use of exothermicity of coal combustion to drive the 12 
endothermic reaction of coal with steam to produce synthesis gas in the 
regenerator-reactor. 
The method of global orthogonal collocation is used to solve both cases 
of regenerator process. Finlayson (1980), Villadsen and Michelsen (1978) treat 
how orthogonal collocation can be used in the solution of differential 
equations. The software package 'DASSL' (Petzold, 1983) is used to solve 
nonlinear algebraic equations and the initial value ordinary differential 
equations which arise when spatial collocation is used. Kokron  (1991) has 
arranged selected software (Press, Flannery, Teukolsky and Vetter ling, 1986; 
Villadsen and Michelsen, 1978) to calculate collocation points and matrices. His 
work is extensively made use. 13 
CHAPTER 3
MODELING HEAT REGENERATOR WITHOUT REACTION
As mentioned in Chapter 2, the regenerator modeling by far was based 
on the assumption of a linear system. Except for a few efforts to incorporate 
varying heat transfer coefficient, gas heat capacity and thermal conductivity on 
different occasions, there has been no work done in treating heat regenerator 
as a system of compressible flow till 1991 (Kokron). However the variation of 
heat transfer coefficient has been neglected even though it can vary by a factor 
of two or three times depending on the system. We felt the need of solving the 
regenerator process by taking compressible nature of the gas with varying 
properties into consideration as it is close to physical reality. 
3.1 ASSUMPTIONS 
1.  Regenerator is assumed to be perfectly adiabatic in nature, i.e. there are 
no leaks through wall. Compared to heat transfer taking place inside the 
regenerator, heat transfer to wall is always negligible. 
2.  Solid thermal conductivity is assumed to be infinite normal to the gas 
flow and zero parallel to the gas flow. This assumption has been made by 
Nusselt (1927) (Jakob, 1957) and as mentioned by Jakob (1957) this is a 
practical assumption in the case of long regenerators where there is not much 14 
contact area between pellets or packings and in the case of pellets with high 
thermal conductivity. However from a few references (Ackermann (1931) from 
Jakob (1957); Schumacher (1930-1931) from Jakob (1957); Ramachandran and 
Dudukovi6 (1984); Khan and Beasley, (1989)) it can be concluded that in the 
cases of Biot number (hdplk) » 1, assumption of infinite solid conductivity is 
inappropriate. However in the cases of low Biot numbers this assumption is 
justified. Schmidt and Willmott (1981) show the regions in which different 
models are applicable on a plot of Bit,, = (hw/k) Vs  where X. = (Pilcs/Gc,) (L/w) 
Biu, for channel flow regenerators. Rosen (1952), Babcock, Green and Perry 
(1966), Handley and Heggs (1969) (Schmidt and Willmott ,1981) and Leung 
and Quon (1965) also have considered solid conduction in radial direction. 
3.  Perfect plug flow of gas is assumed, i.e. the effects of thermal dispersion 
are neglected and perfect axial symmetry is assumed. This is a good 
assumption in the cases of very high Peclet number,Pe(uL/De) for tubes as 
shown by Wehner and Wilhelm (1956). Levenspiel (1983) has shown that total 
variance is given as the sum of variances due to axial dispersion, film heat 
transfer resistance and solid conduction. 
+ 02 (3.1)
02Total  472Axial gas dispersion  Film resistence+  O2Partide resistence 
a
Taal  = 6 
LP 
.4. 2G0CP 6 G C
P
LP  (3.2) 
L  ha pL  5 K pL 
By scaling equation (3.2) it can be shown that our assumptions hold good 15 
when (o2_Axial Dispersion +°2Film resistance+°2Particle resistance)12Filin resistance  1. 
Although this relation has been proven to be true for the linear model, it 
would be fairly accurate in qualitative analysis of the validity of assumptions. 
As shown by Khan and Beasley (1989) the variation of velocity and packing 
density along the radius may be important in the range of low velocity. 
However the variation in radial velocity that Khan and Beasley report is partly 
due to variation in the packing density along the radius. As we assume 
uniform packing density along radius and axis, assumption of plug flow 
should be reasonable for our case. Chao and Hoelscher (1966) and Edwards 
and Richardson (1968) have shown the significant effect of axial dispersion. 
4.  Pressure drop effects are assumed to be negligible. This is always a 
good assumption to make in the case of low packing density and a short 
regenerator. By using the Ergun equation for pressure drop it can be shown 
that for highest velocity of gas (entrance conditions), maximum pressure drop 
is less than 10%. 
5.  Solid heat capacity and density are assumed to be constant. Solid 
density does not vary with temperature appreciably. Kern (1965) and Perry 
and Green (1984) show that solid heat capacity does not vary much with 
temperature. 
6.  Radiation effects are neglected. This might not be a good assumption to 
make in many cases. However as it can be seen in next chapter the difference 
between solid and gas temperature in the radial position may not be high 16 
enough to cause appreciable radial radiation; but there is appreciable 
temperature difference in the axial direction which might cause appreciable 
radiation effects. Schmidt and Willmott (1981) mention that radiation is not 
always appreciable in the case of heat regenerators; but in a few cases it is 
very dominant in the hot period. A corrected heat transfer coefficient to 
incorporate radiative heat transfer is proposed in 1981 (Schmidt and Willmott, 
1981). This might not be very accurate as radiation is not linearly dependent 
on temperature difference as convection is. 
7.  Gas thermal conductivity is neglected From Reid, Prausnitz and Poling 
(1987) and Perry and Green (1984), the effect of thermal conductivity of gas is 
extremely low compared to the effective convective heat transfer coefficient. 
Thus Bi is very low for gases. 
8.  Change in the kinetic energy of the gas is assumed negligible compared 
to change in the heat energy. 
3.2 MODEL DEVELOPMENT 
The model is developed using traditional mass and energy balances. 
Although all physical, transport and thermodynamic properties of gas vary 
with time and space, their explicit dependence on the temperature is presented 
in section 3.4. The balances are done on a differential element of a cylindrical 
heat regenerator. The system being modeled is closed at the entrance. The 17 
disturbances of velocity in the regenerator do not affect the entrance 
conditions. There is finite but small accumulation of mass. This is clearly seen 
from the difference between the mass of gas in the regenerator before and after 
a complete temperature change. During the heating period, gas velocity 
increases more than density decreases resulting in a net depletion of mass. A 
simple physical example would be to imagine a tube closed at one end and 
open at the other end being heated. As the temperature of the gas in the tube 
increases, gas slowly moves out the open end. The momentum, hence velocity 
is generated due to heat although initially velocity was zero and velocity at the 
dosed end was always zero. For more explanation reader may refer to 
Appendix A. 
Energy balance on gas phase at any axial position: 
Rate of enthalpy in - Rate of enthalpy out + Rate of enthalpy transfer = Rate of 
enthalpy accumulation 
GHAlx  GHAlx+tac  hap(Tg- Ts)AAx =  a(EPAHAr)  (3.3) 
where G = pu.
Dividing by Ax and taking the limits & > 0, we get for a constant e,18 
- a(Pull) _ha _(T  = e a(pH)  (3.4) 
ax  at F 
Energy balance on solid phase at any axial position: 
Enthalpy in - Enthalpy out + Enthalpy transferred = Enthalpy accumulated 
hap(Tg-Ts)AAt = (1 -e)A[Hsps It+at -1-15psit]  (3.5) 
Again dividing by At and taking limit At ---> 0 we get for constant E, 
d(Pslis) 
(3.6) hap(Tg-Ts) = (1-E) 
Since Cps is constant 
dHs  dTs  (3.7) 
dt  Ps dt 
Then equation 3.6 can be written for constant p and Cps as 
dT  ha 
P  (T -T )  (3.8) 
dt  (1-c)psCps  g  5 
Mass balance on gas phase at any axial position: 
Rate of mass in - Rate of mass out + Rate of mass transfer = Rate of mass 
accumulation 19 
a(Ae&p)  (3.9) Apu Ix- APu ix.ta  =  at 
Dividing by & and taking limit dr -÷ 0 and we get 
apu  ap  (3.10) = e 
ax  at 
which is equation of continuity. These equations are modified further to be in 
terms of gas and solid temperatures and gas velocity as the explicit dependent 
variables. Equation (3.4) can be written as 
all  apu au -pu--H__-ha (T - T) = EHap 
+ep  (3.11) 
ax ax  P g  5  at  at 
From equations (3.10) and (3.11) we get 
DI/  ail  -pu  -hap(Tg- T5) = ep  (3.12) 
ax  at 
Using chain rule, equation (3.12) can be written as follows. 
aH aT  aH aT 
g -pu  -ha (T  T) = ep  (3.13)
aT ax  P g  5  aT at 
g g 
As at constant pressure, 
T 
g 
(3.14) H = HO+ fCpdTg 
T 20 
Tg 
D[H0+ fCpdT  (3.15) 
T, 
= Cp(Tg)
aTg 
Equation (3.13) can finally be written as 
DT  u aT  ha 
=  T)]  (3.16) T
P g 
e  aX  1- 4 (Tg  5 
The equation of continuity (3.10) is expanded as follows 
ap  ap au  (3.17) E = 
at  ax  ax 
For an ideal gas at constant pressure we get 
cp  aT  p  u aT  au g 
(3.18) 
Dt  RTg Tg  ax  ax RTZ 
Equation (3.18) with equation (3.16) gives 
Rhap du  (3.19) 
dx  C PMw(Tg- Ts)
P 
To apply the method of collocation normalize the length of the 
regenerator to be from 0 to 1. The final equations are obtained by defining a 
dimensionless length z = x/L Finally the equations and the initial and boundary 
conditions are formulated as follows; 21 
DT  1  DT ha L 
g =  [u  g +  P  (T - TS )l  (3.20) 
Dt  EL  Dz puC  g
P 
dT,  hap 
(T -T )  (3.21) 
dt  (1--e)psCps  g  s 
du 
RhaPL  (T - T )  (3.22) 
5 dz  PMwCp g 
The initial and boundary conditions are 
T (0,z)=Tg initial  Tg(t,0) = Tg  T (0,Z) = ; initial  U(t,0)  = Uentrance 
g
The steepness of the temperature profile is given by St (Stanton 
number). The spatial derivative of gas temperature in the absence of 
accumulation is given by S1. q is the total heat being transferred to the bed per 
unit volume of the regenerator. 
ha L  ha L 
St =  P  ;  S =  P (T  T5);  q = hap(Tg- T5) 
1 GC g  5 PC  P 
3.3 IMPLEMENTATION OF ORTHOGONAL COLLOCATION 
The method of orthogonal collocation approximates the partial 
differential equations, by a set of ordinary differential equations in time. 
Spatial dependence is approximated by polynomials. A and B matrices are 22 
calculated for the N collocation points chosen. Appendix C contains further 
details. Equation (3.20) to equation (3.22) thus become 
dTg  N 
=  + j = irV A .T  2,3,...N  (3.23) 
dt  Ts!  gi  p .747:  gi I 1 
dT,  ha 
I  j P  (T  TSB)  j = 1,2,3,...N  (3.24) 
dt  (1 -e)ps(...ps  gi 
i = N  Ra Lh. 
EA..0 + pm_ P  (T  si  = 0  j = 2,3,...N  (3.25)
ji  g. 
Pi 
The initial conditions are 
= T  T = T  = u.  U1 = U entrance Tgi  1-*1  = Tg initial  g entrance  si  initial initial  1-#1 
As can be understood from the above equations the choice of these 
conditions is arbitrary. However as the magnitude of flux at all cross sections 
of regenerator is comparable even at the start up, velocity at entrance and 
initial velocity inside the regenerator can be chosen in such a way that mass 
flux at all points is same. However it is of no significance at all. As the system 
is dynamic and intrinsically needs only one boundary condition in u, 
irrespective of initial velocity we choose, the solution is solely dependent on 
velocity at the entrance, provided rest of the conditions remain same. 
There are N-1 ordinary differential equations for T N ordinary 
differential equations for Ts and N-1 nonlinear algebraic equations for u. We 23 
have used 20 collocation points which gives rise to 39 differential equations 
and 19 nonlinear algebraic equations. DASSL (Petzold, 1983) is used for the 
simultaneous solution of these differential and nonlinear algebraic equations. 
3.4 CORRELATIONS AND RELATIONSHIPS 
PV = NMRT 
6(1 -c)
a = 
P  d 
P 
The correlation of C for air is calculated from Perry and Green (1984) as
P 
C  = (6.5+0.001Tg)x0.79+(8.27+0.000258T -187700 )x0.21  cal 
P  g mol.s.K T2  s 
where T  is in K.  g 
The semi-empirical correlation for heat transfer coefficient is proposed by 
Kunii and Levenspiel (1979) (Levenspiel, 1983). 
I 1 
Nu = 2+1.8Re7 Pr7 
where 
hd  d up  Cu 
Nu =  P Re=  '  Pr=  P 
k  11  kg
g 
i is calculated using Chapman-Enskog theory of gases (Reid, Prausnitz and 24 
Poling, 1987). Viscosity with Tg is in K is calculated as 
5
(_16 )(7cM RT
micro Poise 11  'I'  2
NCTA 
where 
f2v = [A(TTB] +C[exp( -Dr)] +E[exp( -FT *)] 
kT 
T`=  g, A=1.16145, B=0.14874, C=0.52487, D=0.77320, E=2.16178, F=2.43787 
The values of lii/k and ap are given by Reid, Prausnitz and Poling (1987) 
for air as 78.6 K and 3.711 A. Thermal conductivity is calculated using Eucken 
correlation (original and modified) as suggested by Perry and Green (1984). 
Thermal conductivity is calculated as follows; 
[(C)+4.47]74/-1- +[(1.32(c) +3.52]  /1
M.  cal 
kg = 
2  cm.s.K 
by substituting Cp-R for Cr, we get 
[(C -R)+4.47] ±1 -+[(1.32(C -R) +3.52] 11
Mw  Mw  cal 
k = 
g  2  cm.s.K 
where Cp and Ci, are in call(mol.K), Tg is K, and p is Poise (glcm.$). 25 
The definition of the mathematical tools used 
T -T  ..  g  s imhal T  =  for a heating period 
..  T
' g entrance  Ts initial t 
Tg-Tg entrance TN =  for a cooling period 
T . s imtial-Tg entrance 
T 5Ts initial  for a heating period 
Tg  -T .. entrance  s hnhal 
Ts-Tg entrance  for a cooling period 
41' T  . 5 imtial- Tg entrance 
q = hap(Tg- Ts) 
Ti 
Q = (1-e)psL fCpscITs 
T,i 
T,N 
(1 e)Psi, 5 CpsdT 
T 
si 
11 =  Ts 
1 
(pu 1CpdT g)xt 
T, 26 
T 
gN 
fzdT 
g 
T
7 = 
gi 
T
gN 
5 dTg 
Tgl 
T 
gN 
f z2dTg 
a 
2  = 
T31  z2 
z  T 
gN 
5 dTg 
T 
gi 
T 
gN 
i(tit>r) dTg 
T 
T = 
Si 
T
gN 
fdTg out 
T
gi 
Tor 
i(t2 It>t.) dTg 
, 2 
T
si =  s., t  T
sN 
5 dT 
g 
T
gl 
2 a
2 t  ao 
2 27 
3.5 PROPERTIES OF BED AND INITIAL AND BOUNDARY CONDITIONS 
The properties of bed solids used are the same for the regenerator with 
or without reaction. The solids typically represent ceramics. The physical 
properties which are constant are listed below; 
Density of solids: 2500 kg /m3 
Heat capacity of solids: 1000 J /(kg.K) 
Length of the regenerator: 20 m 
Porosity: 0.5 
Solids' diameter: 0.1 m 
Initial and boundary conditions for heat regenerator without reaction 
@t = 0, @ 0<z<1 
T, = 300 K, Tg = 300 K, u =1 m/s 
@ all t, @ z=0 
u = 6.67 m/s; Tg = 2000 K 28 
CHAPTER 4
RESULTS AND ANALYSIS OF THE REGENERATOR PROCESS
4.1 ACCURACY OF ORTHOGONAL COLLOCATION 
The accuracy of the numerical results has been verified by checking 
mass and energy balances for all cases. In addition, in the case of a linear 
model, the relationship given by [Levenspiel (1983), (equation 3.23)] was used 
to verify the results. Percentage errors in mass and energy balances for all 
models as well as percentage errors in calculated a92 for linear system are 
approximately between 0.1% to 0.001% when 20 collocation points were used. 
The order of magnitude of percentage error varied from 0.001 to 0.1. Kokron 
(1991) has shown the effect of increasing number of collocation points to 
reduce errors. 
4.2 CHAPTER LAYOUT 
This chapter is dedicated to the study of the compressible model, the 
comparison between the compressible model and traditional models and 
sensitivity studies for Cp and h. In the last section of this chapter a preliminary 
design of the regenerator is also given. The compressibility (mass and energy 
accumulation), dependence of gas heat capacity and heat transfer coefficient on 29 
gas temperature are studied using different models. The following table shows 
different models and their characteristic features. 
Table 44. The definitions of the models. 
Model  Compressibility  h(Tg)  C (T ) 
Compressible  Yes  Yes  Yes 
Compressible with  Yes  No  Yes
fixed (high or low) h
Compressible with  Yes  Yes  No
fixed (high or low) Cp
Linear (Linear - H  No  No  No
and Linear - L)30 
Table 4.2. The specifications of Cp and h for different models. 
LModel  h (J /m2.K.$)  Cp (J/kg.K)  Range of Tg(K) 
= 
Compressible  32.8 to 77.7  1241 to 970.4  2000 - 300
Linear - H  77.7  1241  2000 - 300
Linear - L  32.8  970.4  2000 - 300
Compressible - (high  77.7 (high)  1241  2000 - 300
or low) h  32.8 (low) 
Compressible - (high  77.7  1241 (high)  2000 - 300
or low) ;  970.4 (low) 
Compressible with  77.7 (high)  1241 to 970.4  2000 - 300
fixed (high or low) h  32.8 (low) 
Compressible with  77.7 to 40.8  1241 (high)  2000 - 300
fixed (high or low) ;  (high), 62.4 to  970.4 (low) 
32.8 (low) 
_ 31 
Simulations are done for a single-blow operation during which a cold 
bed of solids gets heated by hot gas entering the regenerator. The fixed high 
and low values for the physical and thermodynamic properties are calculated 
at Tg entrance and Tg initial. Thus Linear - H model uses gas properties calculated at 
hot entrance temperature and Linear - L model uses gas properties calculated 
at cold initial bed temperature. 
In sections 4.3.1 and 4.3.2 the sensitivity of gas temperature profiles for 
high and low Cp, high and low h is studied. Figures 4.1 to 4.18 show the 
effect of fixed high and fixed low h and Cp. The simulations are done using 
compressible model using fixed high and low h for the fixed high CI, 
(compressible  h) and compressible model using high and low Cr, for the fixed 
high h (compressible - Cp). The mathematical tools used for the analysis of 
temperature profiles and corresponding figures for sensitivity studies are given 
in the table on the next page. 32 
Table 4-3. The tools and Figures used to explain sensitivity studies. 
Tool  Compressible - h  Compressible - Cp 
T  (K)  44  4.11 
g 
4.5  4.12 ar 
g (K) 
az 
4.6  4.13
AT (K) 
47  4.14
(K) Tg out 
4.8  4.15 dT  out , 
g  (K/ s)
dt 
4.9  4.16 2 
az 
Q (J /W)  4.10  4.17 
The magnitude of accumulation is shown in Figure 4.18 using fixed high Cp 
and fixed high h. 
The mathematical tools used to explain the gas temperature profiles for 
different models and the corresponding figures are given in the following 
table. 33 
Table 44. The tools and Figures used to explain the results of different 
models. 
Tool  Compressible  Linear  Compressible  Compressible 
with fixed h  with fixed Cp 
T 
g  (K)  4.19, 4.26, 456, 444  416  456  444 
aT  4/0, 4/7, 457, 445  4/7  4.37  4.45 
g (K) 
az 
AT (K)  4.28, 458, 446  4/8  458  446 
q (j/m3.$)  4/9  4.29 
Tg out  (K)  4.21, 4.30  4.30 
dTg out 
412, 4.31, 459, 447  451  459  447 
dt 
(K /s) 
2  4/3, 452, 440, 448  4.32  440  448 
az 
Q (J /m2)  4.33, 441, 449  4.33  441  449 
1  434,442  4.34  4.42 34 
The effect of accumulation of mass and energy are studied using 
following tools and figures for different models. 
Table 45. The tools and Figures used to study the effect the rate of 
accumulation. 
Tools  Compressible  Linear  Compressible  Compressible 
with fixed h  with fixed C 
P 
Sf (K)  4/4  4.35  443  4 50 
G (kg /m2)  4/5 
The variances of Tg out Vs t curves are studied through figures 451 to 
454 in section 47. 
In the last section of this chapter a preliminary design of the regenerator 
is suggested. The figures discussed in the last section are given by the table 
below. 35 
Table 4.6. The Figures used to explain the preliminary design. 
Model  Figure 
Compressible - h  4.55 
Compressible - Cy,  4-56 
Compressible  4.55, 4.56, 457, 4-58, 4.59, 4.60 
Linear - H  4.57 
Linear - L  458 
Compressible with fixed h  4.59 
Compressible with fixed Cp  4.60 
4.3 EFFECT OF Cp AND h 
4.3.1 Variation of Cp and h with temperature 
Fundamental models of the regenerator process have been based on 
physical approximations which result in either linear or nonlinear equations. 
The graphical and numerical methods are not reliable for high temperature 
swings except for nonlinear models by Kokron (1991) and Ramachandran and 
Dudukovic (1983, 85). However these models assume constant h. Therefore 
variation of physical variables like Cp and h with temperature is discussed first. 36  80 
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The heat transfer coefficient does not vary much with the temperature in the 
range of operation shown in Figure 4.1 at various constant velocities. 
Although density, viscosity, thermal conductivity and gas heat capacity change 
with temperature, their cumulative effect nearly cancels out at constant u. 
Therefore it can seem reasonable to assume heat transfer coefficient constant. 
However this does not represent the true variation of heat transfer coefficient 
in the regenerator. In the regenerator the mass flux of gas does not vary much 
since changes in density are nearly canceled by changes in u. Because of this 
there is little change in the inertial forces (represented by numerator of 
Reynold's number). The variation of heat transfer coefficient in the regenerator 
with temperature changes at constant mass flux is represented by figure 4-2. It 
can be seen that h varies 250% to 300% in the range of temperatures which 
may exist simultaneously within the regenerator. 
Cp is given explicitly as a function of temperature. Therefore the 
variation of gas heat capacity is easily predicted as a function of temperature 
as shown in Figure 48. Cp does not vary as much as h varies in the operating 
range considered. However 30% variation in Cp can cause appreciable changes 
in the dynamics of regenerator. 39 
4.3.2 Effect of high and low Cp and h on the regenerator process 
A few set of simulations were done to study the effect of heat transfer 
coefficient and gas heat capacity. As Cp and h affect each other it was 
necessary to keep both of them constant for one run and then repeat the run 
for a higher value of one of them while the other is kept constant. Thus the 
effect of constant high or low Cp and constant high or low h were studied. 
The results are obtained using the compressible model of the 
regenerator. Thus all other effects are accounted for except the variation of Cp 
and h. The constant values of Cp and h are those at the chosen temperature 
extremes, because in traditional models these properties  have been assumed to 
be values at either the cold or hot end temperature. 
4.3.2.1 Effect of h 
Figure 44 shows the effect of heat transfer coefficient on the gas 
temperature profiles gas in the regenerator at different times. A high heat 
transfer coefficient obviously implies high heat transfer rate. Thus per unit 
length of the bed more heat is transferred from the gas for high h and the 
temperature profiles are steeper for system of high h. For a low h the spread of 
the gas temperature profile indicates low heat transfer per unit length of the 
regenerator. 40 
The system is nonlinear in nature. However the spatial derivative 
DTg (Z,t) of the temperature profile (analogous to impulse response) gives 
az 
clearer insight to the steepness of temperature profiles. Figure 4.5 shows the 
aT 
plots of 
DT:  Vs z (normalized axial position). It can be seen that for high h the  g 
az az 
give rise to a steeper curve indicating that gas temperature profiles are steeper. 
The behavior of the temperature profiles in Figure 44 is magnified in Figure 
4.5. The region to the left of the maximum derivative value where the 
derivative is nearly zero indicates that fraction of the regenerator which has 
are higher with high 
az 
reached the final steady state. Thus even though  are
heat transfer coefficient, more of the regenerator reached steady state at any 
specific time. 
The natures of the curves can be qualitatively analyzed. Initially the 
curves are steeper at the trailing hot end and have a tail at the leading cold 
end. As the profile moves through the bed, the curves tend to become more 
symmetrical. Initially at the entrance or hot end of the regenerator there is a 
big temperature difference between gas and solids resulting in a high rate of 
heat transfer which results in large changes in gas temperature. However as 41 
the gas looses its heat, it approaches cold bed temperature and driving force is 
reduced resulting in slow rate of heat transfer. This results in slower 
temperature changes in the gas phase. This explains the curve at initial times. 
As the time passes by, at the hot end, the bed temperature slowly rises and the 
driving force is reduced. The steady state exists in the part of the bed. Because 
of this the temperature changes at the hot end slow down as well. This results 
in spreading of curve at the hot end as well. This spreading causes curve to 
become more and more symmetrical as time passes by. 
The curve of temperature difference between gas and solids AT, which 
is the driving force for heat transfer Vs z has a shape similar to the curve of 
aTg Vs z as shown in Figure 4.6. Because high heat transfer coefficient results 
az 
in high heat transfer rate, the temperature difference between the gas and the 
solids for high h is lower than that for low h (Figure 4.6). 
Figure 4.7 shows the breakthrough curve, Tg 0,10 Vs t, for a regenerator 
system with either high or low h. The breakthrough for a lower h appears first, 
because of the long leading tail it develops due to a lower heat transfer rate in 
the bed. Breakthrough for a high h appears later because, the temperature 
profile is steeper and remains in the bed longer due to more efficient heat 
transfer from gas to solids. As temperature profile for high h is steeper it 
attains steady state faster crossing over breakthrough curve for low h. As 1.00  42 
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az 43 
shown in Figure 4.7 at times greater than about 1.5x104 s, Tg out is closer to the 
final 2000 K in the case with high h. Thus the higher h causes the system to 
reach steady state faster. 
dTg
The  out Vs t is plotted in Figure 4.8. The curves give the same 
dt 
information as breakthrough curve gives. If the Tg(z) profile passed through 
the bed without changing the shape, the Tg out(t) curve would be a mirror 
image of Tg(z) profile. However actual Tg out(t) curves look similar to Tg(z) 
curves since both have tails at the right hand side. As the Tg(z) curve starts 
moving out of the regenerator it is still spreading, but the end which has left 
the regenerator is flatter than the end which is still in the regenerator and this 
flat end of the T (z) curve moves out first to give rise to initial part of 
Tg out(t) or
dTg out (t) curve. However the T (z) curve inside the regenerator is 
dt 
still spreading as the heat transfer is still taking place. Thus as the Tg(z) curve 
inside the regenerator moves out, it is continuously becoming flat. This gives 
rise to right hand side end of breakthrough or Tg out(t) curve which of course is 
flatter compared to what moved out first. This is dependent on time taken for 
the T (z) curve to move out totally compared to mean time of breakthrough or 
Tg out(t) curve. If the former is considerably larger than the latter, the output is 
not the mirror image of spatial curve. 44 
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Figure 4.6. The effect of a constant high and low h on AT(z). 45 
The variance from Tg(z), i.e. az2 can be used to describe the spreading of 
the profile and it also reflects the heat transfer per unit length. In an infinitely 
long regenerator the az2 always increases with time. However in the case of a 
regenerator with finite length the az2 increases as long as the temperature 
profile is in the bed, i.e. as long as breakthrough curve does not appear.  Once 
the temperature profile starts moving out of the bed the az2 starts decreasing. 
The extended temperature profile would still have higher az2, but in this case 
the reference is the regenerator length which is finite. From the time the 
temperature profile begins to move out of the regenerator,  Tg out moves up and 
T (z) moves toward a new steady state with a uniform temperature. As the 
steady state is approached the az2 reaches zero. The nature of the curve is very 
logical as there is a transition from initial steady state with zero az2 (gas 
temperature is uniform at 300 K) to a final steady state (gas temperature is 
uniform at 2000 K) with zero ;2. Thus the finite length of the tube is the factor 
in decreasing variance. The maximum ;2 corresponds to the time when the 
breakthrough appears. Obviously for a high constant h the variance is always 
lower than that for a low constant h. The maximum variance for high h occurs 
later than for low h due to a steeper Tg(z) profiles for high h as shown in 
Figure 49. 
The fraction of heat transferred from gas to the bed should be as high as 
possible for as long as possible. Thus efficiency should be kept at 100%, i.e. the 
breakthrough or Tg out(t) curve should appear as late as possible which 46 
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dt 47 
obviously means that temperature profiles should be as steep as possible. 
Figure 4.10 shows the total heat transferred to a bed at different times for high 
and low h. Although the steepness of Tg(z) profiles is different in each case, 
100% heat transfer takes place as long as a profile remains within the bed. 
Thus total heat transferred to the bed is the same for both cases up to the time 
the first breakthrough occurs with lower h. The appearance of breakthrough 
means from that time onwards the entire bed will be used for heat exchange. 
4.3.2.2 Effect of CI 
Since Cp is the amount of heat required to increase T 8. Tg for a gas with 
low Cp will decrease more than Tg for a gas with a high Cp for the same 
amount of heat transfer. The curves shown in Figure 441 show the results of 
this effect. Throughout the bed gas with a high heat capacity has more heat 
content which means that the drop in gas temperature is much smaller even 
for appreciable heat transfer. As there is appreciable heat transfer taking place 
the temperature profile moves faster compared to system with low Cp. In the 
system with lower gas Cp gas temperature drops down quite appreciably as 
gas retains less heat. However as there is not much heat transfer taking place 
for low Cp the temperature profile Tg(z) lags behind. In the Figure 441, entire 
gas temperature profile for low Cp lags behind the temperature profile for high 
Cp. Because of very low heat transfer, system with lower Cp can 0.05  48 
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Figure 4.10. The effect of a constant high and low h on Q. 49 
develop a very flat curve with long tails at both ends as time passes by. Figure 
412 shows the  g (z) curve. It can be seen that the solid curves for high Cp 
a 
are ahead of those for low Cp in spite of having low variance. This type of 
behavior is not very often encountered in the literature. 
The temperature difference between gas and bed (AT) along the length 
of the bed at different times is shown in Figure 4.13. Although for high Cp 
higher AT is expected, the AT is smaller than that for low Cp for almost the 
entire curve to the left of the maximum. The temperature profile (Tg(z)) for 
higher Cp is far ahead of that for lower Cp at any given time. This means that 
the temperature profile for high heat capacity is nearer to steady state at which 
temperature difference between gas and bed is zero. This proximity to steady 
state is pronounced near the entrance end, i.e. the trailing left hand side of the 
curve. Thus most part of the curve left to maximum shows lower AT for high 
heat capacity. At the entrance end of the regenerator considerably less heat 
transfer takes place for high heat capacity as steady state is nearing compared 
to heat transfer taking place for low heat capacity, as bed is relatively at lower 
temperature at the same time for low heat capacity. However at the other end 
of the regenerator the conditions are far from steady state resulting in higher 
temperature difference for high Cp as still appreciable heat transfer is taking 
place there. 50 
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dTg out
Curves for Tg out(t) and  (t) are shown in Figures 444 and 445 
dt 
respectively. where it can be seen that the temperature profile for low Cp is 
always behind that for high Cp . This is because, high Cp yields higher heat 
transfer rates because AT is higher and the total amount of heat required to 
heat the bed to its final temperature is the same in either case. 
Figure 445 shows the
dTg out (t) curves for high and low Cp and Figure 
dt 
4.16 shows the ;2(t) curves. From the temperature profiles in Figure 441 and 
Figure 446 temperature profiles are steeper for low heat capacity. However 
dTg out (t)  curve for low heat capacity appears flatter than that for high heat 
dt 
capacity. This is because the temperature profile (Tg(z)) for low heat capacity 
always lags behind that for high heat capacity. Both the curves spread with 
time. Since the temperature profile for high heat capacity is always ahead of 
dTg 
. that for low heat capacity, the 
out (t) curve for high heat capacity appears 
dt 
and finishes first. The temperature profile for low heat capacity remains within 53 
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dTg out the bed for a longer time and thus spreads more. This makes the 
dt 
curve of the system flatter. 
Figure 4.16 explains the same phenomenon through a2(t) curves. Hot 
gas with low heat capacity cools more for same amount of heat loss resulting 
in steeper temperature profiles(Tg(z)), i.e. with low ;2. In beds of finite length 
this relationship exists until breakthrough occurs, at which point variance in 
either system decreases to zero again. Since for high Cp total heat transferred is 
more at any time, after the breakthrough, a2 is lower for high Cp than for low 
Cp. 
The total heat transferred to bed as function of time is shown in Figure 
4.17, where as expected more heat has always been transferred from a high 
heat capacity gas than a low heat capacity gas. 
dT  aT
Recall that Sf is  dzg when  g = 0. Physically St can be seen as the 
at 
measure of change in the gas temperature along the bed. In Figure 4.18, St 
dT
and  g for the compressible model with constant h and C are plotted Versus p dz 
normalized axial position at different times. The results show practically no 
difference implying a very negligible accumulation rate. From scaling it can be 56 
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az 58 
seen that if pCp/[pCps(1-01 is very small compared to other terms in the 
differential equation, the accumulation is negligible. This is because to heat a 
bed of solids, a considerable amount of gas is required and the change in the 
gas energy in the regenerator occurs over a relatively long period of time. 
However inclusion of mass accumulation rate term is advisable when a 
reaction takes place which results in changing number of moles of species. 
The discussions above indicate that both C and h significantly affect the 
regenerator process dynamics. 
4.4 RESULTS OF COMPRESSIBLE MODEL 
Some basic results obtained with the compressible model with 
temperature dependent h and Cp will be discussed in this section. Figure 449 
shows the temperature profiles of solids and gas along the length of the 
regenerator at different times. The solid temperature profile follows the gas 
temperature profile very closely. This might indicate that in the radial direction 
the temperature difference between solids and gas in the region of high 
temperature is not of the order of temperatures of either of phases, except 
during initial time where solid temperature is at initial value. This might 
suggest that radial temperature difference might not be major contributor to 
radiation effects compared to axial temperature differences which are of the 
order of temperature of hot gas. 59 
aT
Figure 4/0 shows the  (z) curve. As can be seen from Figures 4/ 
az 
and 4.3, the heat transfer coefficient changes by 250% and heat capacity 
changes by only 30% in the range considered (300 K - 2000 K). At the hot 
entrance end, h and Cp are both at their maximum values. Thus although the 
effect of high Cp is to decrease the steepness of the gas temperature profile, the 
two and a half - fold increase in h tends to make temperature profile steeper at 
the hot end initially, as solids' temperature is considerably below that of gas 
temperature. Along the length of the bed, the gas temperature decreases, thus 
h, Cp and temperature difference between gas and solids and all contribute to 
flattening of the temperature profile. This gives rise to a pronounced tail of the 
DT DTg(z) curve at the bed exit. As discussed previously,  g(z) curve becomes
az az 
more symmetrical at the later times. Because the heat transfer coefficient and 
gas heat capacity near the entrance are still higher than those at exit, the 
approach to symmetry is more sluggish than seen in the plots of 
Compressible - h and compressible - Cp models in previous sections. 
The breakthrough or Tg out(t) curve for this simulation is given as Figure 
4-21. Again we study the
dTg out (t)  curve to analyze spreading of the 
dt 60 
Figure 4.21. The Tgaut(t) curves predicted by the compressible model. 
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Figure 4.22. The  g °ut  curves predicted by the compressible model.
dt 61 
temperature profile. This is not very symmetrical which means either that 
temperature profiles (Tg(z)) are moving very slowly compared to mean time of 
the Tg out(t) curve or Tg(z) profiles have very long tail even at later part of the 
process. In this case the tail is not at the later part of the Tg JO curve, but it is 
pronounced at the start of it. The cold end tail of Tg(z) profile generates the left 
hand side of the Tg JO curve. The right hand side of the Tg m(t) curve is 
generated by Tg(z) profile which moves slowly towards steady state, spreading 
while it does so. Thus if in comparison slow movement of the Tg(z) profile had 
dTg out more effect compared to right hand side tail of Tg(z) profile, the 
dt 
curve would have tail at the right hand side. However in this case because of 
high heat transfer coefficient and heat capacity at high temperature the tail at 
cold end is more pronounced resulting in tail at the left hand side of the 
dTg out 
dt 
The variance of Tg(z) or 6z2(t)  is shown in Figure 4/3. As explained in 
the previous sections the ;2(t) increases from zero to a maximum value to 
reach zero again. 
The calculation of a time and position dependent mass flux introduces 
some mathematical difficulties. In section 4.3 it was found that accumulation 
term in the gas phase is usually negligible. The same argument holds in this as 62 
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Figure 423. The ;2(t) curves predicted by the compressible model. 63 
well, only difference being compressible model allows Cp and h to vary. This is 
also found to be the case in Figure 4.24 which shows that St and  are e 
az 
practically the same at all times. 
However there is a finite accumulation of mass and energy in the gas 
phase. The gas hold up in the regenerator changes by a factor of 6.67 from 
beginning to the end. However the amount of change is negligible compared 
to the amount of gas passed through the bed, thus the rate of accumulation 
compared to rate of gas flow is very small. Further discussion is in Appendix 
A. Thus neglecting accumulation may not cause as much error as neglecting 
dependency of Cp and h on temperature would cause. However for the 
treatment of a generic problem involving pressure drop calculations and 
reactions the accumulation term may become important. Figure 4.25 shows 
how mass flux varies along the length of the regenerator at different times. In 
the present simulation the regenerator is being heated. Therefore gas mass 
hold up decreases with the time and the mass flux at the entrance is larger 
than at the entrance. At the steady state the mass flux becomes equal at all 
points to the constant inlet mass flux. 64
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4.5 COMPRESSIBLE MODEL Vs CONSTANT GAS PROPERTY MODELS 
The differences between the proposed compressible model and the 
traditional linear model are better shown by comparing results of the two 
models. In the traditional models all physical properties of the gas are 
assumed constant and mass flux is assumed constant throughout the process. 
In the following comparisons, the properties of gas at the initial cold gas 
temperature or entrance hot temperature are considered as the constant 
properties of gas throughout the regenerator process. Therefore results of two 
linear models in which gas properties are assumed constant at either the cold 
(linear - L model) or hot (linear - H model) temperature extremes are 
compared with the results of the compressible nonlinear model proposed in 
this thesis. 
Figure 4/6 shows the temperature profiles for compressible, linear - H 
and linear - L models. While linear - L model exhibits breakthrough first, the 
linear - H model attains new steady state first. There are competing effects of 
Cp and h in the case of linear models as far as steepness and variance of the 
profiles is concerned. Both Cp and h increase with temperature, thus for the 
linear - H model high Cp and h are used. High h tends to increase the 
steepness of the gas temperature profile by increasing the rate of heat transfer 
while high Cp tends to decrease the temperature changes in the gas thus 
decreasing the steepness of the gas temperature profile. For the linear - L 68 
model the effects are reversed. However as high Cp tends to decrease the 
temperature change in the gas phase, it increases the heat transfer rate because 
of a higher AT. Thus the linear - H model predicts an initially steeper 
temperature profile than the other models because of the high heat transfer 
coefficient (change in h is 250% compared to change in Cp which is 30%). 
However as time passes, the part of the bed near the entrance  approaches 
steady state faster which decreases the temperature difference between the gas 
and the bed. As time passes, part of the temperature profile at the exit end of 
the regenerator remains higher for linear - H model than that for the linear - L 
model. This is because appreciable heat transfer is taking place at the exit end 
of the temperature profile and the gas with high Cp obviously shows less drop 
in the temperature. Thus the linear - H model predicts entire temperature 
profile ahead of the other two models, a characteristic of high Cp. Effect of high 
h is diminished by decreased temperature difference between gas and bed. 
Because the linear - H model uses a high Cp and h, this model reaches steady 
state first. 
The temperature profiles predicted by the linear - L model, are flatter 
than profiles predicted by the other two models because the effect of low h is 
stronger than the effect of low Cp . This is the last model to reach steady state. 
Temperature profiles (Tg(z)) predicted by the nonlinear compressible model 
exhibit intermediary behavior because both h and Cp vary from highest value 
to lowest value along the length of the bed. 69 
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aTg(z)
The  curves are shown in Figure 4.27. The curves for the linear ­
az 
H model are ahead of those predicted by the other two models (seen by length 
of zero derivative on left hand side). However these curves have a smaller 
maximum values than for the compressible model because the constant high 
Cp tends to reduce changes in Tg with z. Due to high Cp these curves are flat at 
entrance end as driving force decreases eventually. During intermediate times, 
at the exit end of the curve linear - H model predicts curves which cross over 
curves predicted by compressible model to have lower temperature (Ts(z)), 
because compressible model uses low h values at low temperatures compared 
to high h used by linear - H model which makes temperature drop in gas 
phase predicted by linear - H model higher than that predicted by 
aTg(z)
compressible model. For the linear - L model  curves are flatter and lag 
az 
behind the other models, because the effect of low h to broaden the Tiz) 
profile is stronger than the effect of Cp to make it sharp. 
At steady state the temperature difference AT, between the gas and the 
solids along the length of the regenerator bed becomes zero. The direct effects 
of local C and h are on the local gas and solids temperatures. Although h and 
Cp have opposite effects on the steepness of the gas temperature profile, the 
effects on AT are not opposed to each other. This is because for high Cp even 71 
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dt 72 
though the temperature of gas tends to remain higher, because of high heat 
transfer rate solids' temperature rises fast, thus deceasing the AT. For 
intermediate times at exit end side of the regenerator, the AT should be higher 
for high Cp because, there the bed is appreciably away from steady state. 
The linear - L model always predicts higher AT along the length of the 
regenerator because of its very low heat transfer coefficient. The compressible 
model predicts intermediate behavior as the gas heat capacity and heat transfer 
coefficient vary from hot gas to cold gas values along the temperature profile. 
Figure 428 shows the variation of AT along the length of regenerator. Since 
Figure 4.28 looks more like Figure 4-6 (high h) than Figure 4.13 (high Cp) 
significant effect of high h can be seen. 
Since the rate of heat transfer controls the changes in gas temperature 
the rate of heat transfer q(z), along the length of the regenerator varies 
aTg(z)
similarly to the change in gas temperature profile, i.e. as the  curve 
az 
(Figure 4.29). 
The breakthrough or Tg JO curves predicted by the three models are 
shown in Figure 430. The relative time at which breakthrough appears 
depends on the competing effects of h and Cp. It can be seen that the linear - L 
model predicts a slightly earlier breakthrough due to the dominant effect of 
low h and is flatter than either of the other curves. As expected, low Cp slows 
down the velocity of the temperature profile while low h makes the 73 
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temperature profile flatter. The linear - H model predicts a slightly later 
breakthrough in spite of high Cp because, the effect of high h and Cp oppose 
each other. However the steady state is achieved earlier since the as rate of 
heat transfer is higher for high Cp and h. Breakthrough curve is steeper than 
other two breakthrough curves, but not steep enough to sharply cross 
breakthrough curve predicted by compressible model due to high Cp. The 
compressible model usual predicts the intermediary results. 
Figure 4.31 contains
dTg out(t) curves predicted by the three models. 
dt 
The linear - L model predicts a flat curve with the largest spread and the 
longest duration. The linear - H model predicts the steepest curve which 
achieves steady state first. There is only a slight difference between the curves 
predicted by the compressible model and the linear - H model. This is because 
the compressible model predicts the maximum percentage of heat transfer 
when the gas is hot, due to high h and Cp, thus making it more similar to 
linear - H model than to linear - L model. 
The a2(t) curves are shown in figure 432. Again compressible model 
and the linear - H model predict similar results. However due to a high h, in 
spite of a moderately high Cp, 6z2(t) predicted by linear - H model is initially 
slightly lower than that predicted by compressible model because AT is high. 
However as the temperature profile becomes flatter, the AT decreases which 
decreases the effect of high h. Thus ;2(t) predicted by the linear - H model 75 
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becomes higher than that predicted by the compressible model once the effect 
of Cp dominates over effect of high h. This situation exists till the  breakthrough 
appears. Once the breakthrough occurs in a finite length regenerator, ;2(t) 
decreases. Because linear - H model reaches steady state first, its az2(t) drops 
below that of compressible model. Due to its low h linear - L model always 
has a high a2(t) compared to other two models. The az2(t) reaches zero as the 
new steady state is reached by all the three models. 
As the temperature profiles spread as they move and some profiles 
develop very long tails which in spite of slow movement, bypass fast moving 
steep profiles, a quantitative measure for fraction of process completed is 
needed. The position of median of the curves can be a measure of fraction  of 
the process completed. However a true physical quantity such as total heat 
transferred to the bed is an alternate measurement of the speed of the 
regenerator response and of fraction of process completed. Figure 4.33 shows 
the prediction of the three models. As expected the linear - H model always 
predicts the largest amount of heat transferred. A profile can be very flat (such 
as in the case of very high Cp) and still be faster than a steep profile (very high 
h and low Cp). The linear - L model due to low enthalpy and h predicts the 
slowest temperature profile. The total heat transferred to bed is always the 
lowest till steady state is reached. 
The fractional efficiency of regenerator is defined as the total heat 
transferred to bed over maximum heat that can be transferred based on the 77 
incoming hot gas and the initial cold bed temperature. Thus the efficiency is 
not dependent on speed of the temperature profile. It is totally dependent on 
variance of the temperature profile once the breakthrough occurs. Lower the 
variance of the extended temperature profile, higher the efficiency of the 
system. Thus a fast moving flat profile generated due to a high gas Cp, results 
in lower efficiency compared to slow moving profile due to a low Cr, and high 
h. Just as the variance of profile changes with time, the efficiency changes with 
time. Although a low Cp generates temperature profiles with lower variance 
compared to temperature profiles for a gas with a high Cp, if the process takes 
place for a long time, average efficiency for a low Cp is lower than that for a 
high Cp, because system with a high Cp finishes the process faster, compared to 
system with a low gas Cp which spreads for a longer time. 
Figure 4.34 shows the efficiencies predicted by the three models. 
Efficiency of system remains 100% as long as breakthrough does not appear as 
all heat coming in is transferred to the bed before breakthrough occurs. That is 
why it important to have steep profiles for energy conservation. Breakthrough 
of the linear - H model appears last. Thus efficiency predicted by the linear H 
model remains 100% for a longer time. However reader may see from Figure 
4.34 that the difference between breakthrough times is not much. Efficiency 
predicted by the linear - H model drops fast once breakthrough appears, 
although from figure 4.32 it can be seen that the variance predicted by this 
model is the lowest at corresponding times. This is because even though the 78 
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curves are flatter, they are nearer to the new steady state. Therefore variance 
is low. Thus in a system of finite length, true variance is a measure of 
steepness only until the breakthrough appears. Because of high Cp and the 
proximity to steady state, the rate of energy input to the regenerator is high 
compared to energy transferred from gas to solids thus reducing the efficiency. 
However the linear - L model predicts higher efficiency some time after the 
breakthrough appears, as more of the unsteady temperature profile is in the 
bed, since the temperature profile moves very slowly. Also the rate of heat 
coming into the system is lower. Therefore it can be seen that although the 
linear - L model predicts higher efficiency than the other two models at any 
time, because of low enthalpy transfer rate the process reaches steady state 
latest and the final efficiency when steady state is reached is the lowest. Thus 
average efficiency predicted by this model may be lower than those of the 
other two models. The compressible model gives intermediate results which 
are dose to the results predicted by the linear - H model as can be seen from 
the figure. The 6t2 of the output curve is the true measure of overall efficiency. 
The rate of mass accumulation in the gas phase is very negligible as 
demonstrated by figure 435. The Sf predicted by the linear - H model and the 
compressible model with constant high h and high Cp are plotted against the 
normalized position of the regenerator at different times. The only difference 
between the two models is that the compressible model incorporates rates of 
mass accumulation in the gas. There is no apparent difference between the 80  1.00 
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results predicted by the two models. This shows that the mass accumulation is 
negligible. 
4.6 COMPRESSIBLE MODEL Vs CONSTANT Cp OR CONSTANT h MODELS 
Schmidt and Willmott (1981) suggest a theory to solve regenerator 
problem assuming infinite Cp. However if gas or liquid Cp is infinite then use 
of heat regenerator itself is not efficient as a lot of energy and time are wasted 
in switching the process very often. However apparently small variation of Cp 
with respect to temperature may tempt to use a constant Cp for gas when h 
varies. This approximation does not make analytical solution possible. 
Therefore making this assumption does not serve any purpose as numerical 
method is necessary to solve the system of equations and a variable Cp does 
not increase the dimensionality of a problem. However, if Cp is not known as 
the function of temperature this approximation is made. 
Assuming Cp to be variable and a constant h is a possibility which 
apparently seems reasonable, but is not. Please refer to Figure 4;1 and 4.2 at 
the beginning of the chapter for further reference. This makes the problem 
easier to solve because, by assuming a constant h , equation of continuity 
results in a set of linear equations in the polynomial approximation methods. 
This reduces computational problem a great deal and convergence is assured. 
Also variation of h with temperature apparently looks negligible. Kokron 82 
(1991) assumed a constant h and solved the compressible model which results 
into a set of initial value ordinary differential equations and linear equations. 
However as explained in the beginning of this Chapter (section 43) h varies 
by 250% in the temperature range considered. Therefore it is not a good 
assumption. The results of these two models with compressible models are 
compared in this chapter. 
4.6.1 Compressible model Vs. compressible with fixed h model 
The simulation for constant h at the hot gas temperature (high value) 
and the initial gas temperature (low value) while Cp varies as the function of 
temperature are done and the results are compared with those predicted by 
the compressible model. 
Figure 436 shows the temperature profiles predicted by the 
compressible with fixed high h model, compressible with fixed low h model 
and the compressible model. For the compressible with fixed high h model, as 
h is always high and Cp varies within 30%, the results are intermediate 
between the compressible - high h model and compressible model. The 
temperature profiles are steeper due to high h. The temperature profiles 
predicted by the compressible with fixed low h model are flatter due to the 
lower h. If h is high, then the temperature drop in the gas phase is steep 
resulting in a steep drop in Cp. If h is low temperature drop in gas phase is 83 
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very flat resulting in a higher Cp along the most of the regenerator length. Due 
to the high h entrance end of regenerator reaches steady state faster and faster 
heat transfer takes place along a small fraction of the length of the regenerator. 
Thus temperature profiles are steeper. The compressible with fixed low h 
model predicts heat transfer over a longer part of the regenerator bed. The 
heat energy of the incoming hot gas for both of the processes is the same. Thus 
the same amount of energy is transferred over a shorter length of regenerator 
for high h compared to a longer length for low h. This would explain the 
nature of the curves better. The compressible model shows intermediate 
behavior. 
The
DTg(z) curves of the system show the same details. The 
az 
compressible with fixed high h model predicts a faster moving and steeper 
profile compared to that predicted by the compressible with fixed low h 
model. Figure 437 shows the details. 
As the compressible with fixed high h model predicts high heat transfer 
rate the AT predicted by that model is less than that predicted by the 
compressible model. Due to low heat transfer rate (q), the compressible with 
fixed low h model predicts higher AT along the length of the regenerator bed. 
Reader may refer to Figure 4 58 for the plots. 85 
dT  g ou Figure 4.39 shows the  out (t) curves predicted by the three models.
dt 
The compressible with fixed high h model predicts a late breakthrough and 
fast finish with the minimum variance. The compressible with fixed low h 
model predicts an early breakthrough, late finish and the maximum variance. 
The compressible model predicts the intermediate results. Thus these models 
behave very similar to the compressible - high h, and the compressible - low h 
models respectively. 
As a high h generates the steep temperature profiles, the compressible 
with fixed high h always predicts a low az2(t) compared to that predicted by 
the compressible with fixed low h model which predicts flatter temperature 
profiles. Figure 440 explains this behavior. The curves look very similar to 
those predicted by the compressible - h model. 
The heat of hot gas coming in the regenerator is the same for all of the 
three models because, entrance temperature and Cp are the same for all three 
models. Thus before breakthrough occurs, in spite of the appreciable 
differences in the steepness of the temperature profiles all three models predict 
the same amount of total heat transferred from gas to the regenerator bed. The 
difference in the breakthrough time is small compared to the total times taken 
by the processes to reach the steady state. However the process should be 
stopped a long before it reaches the steady state if the heat regenerator is to be 
operated at 100% efficiency. Further information on this is given in the 0.20  86 
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'Preliminary Design' part of this chapter (Section 4.8). The compressible with 
fixed high h model predicts a late breakthrough. Thus the efficiency of 
regenerator remains 100% for a longer period of time for the compressible with 
fixed high h model compared to the compressible with fixed low h model. 
Once the breakthrough occurs the compressible with fixed high h model 
predicts higher efficiencies than those predicted by the compressible with fixed 
low h model, because of the steeper temperature profile. However the 
difference between the results predicted by these two models is not as much as 
the difference predicted by the compressible with fixed high Cp model and the 
compressible with fixed low Cr, model in which Cp is kept constant. This is 
because a low C predicts a higher efficiency at any time, after the 
breakthrough occurs versus a high Cp which results in the lower efficiency 
once the breakthrough occurs. The compressible with fixed high h model due 
to sharper temperature profile predicts lower Cps along the length of the 
regenerator bed where the heat transfer occurs. The compressible model shows 
the intermediate behavior  . Figures 441 and 442 explain the behavior of Q 
and the overall efficiency as functions of t respectively. 
The compressible with fixed high or low h models do not predict a 
significant accumulation rates of mass or energy. Figure 443 can be referred 
for plots. 
Thus, assuming a constant h, is not a very good assumption. In fact for 
the design criterion we use in this thesis (Levenspiel, 1983), assuming a 89 
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constant h but variable Cp results in larger errors than the traditional linear 
models which use a constant gas h and Cp. 
4.6.2 Compressible model Vs. compressible with fixed Cp model 
The simulations were done with high and low constant value of Cp for 
constant h using the compressible model. The results are compared with the 
compressible model's results. Since h depends on Pr, it depends on Cp. Pr for 
gases is around 0.7 at all temperatures. However because a constant Cp is 
assumed at either a high or low value while rest of the gas properties vary 
with temperature, there is a finite change in Pr. A low Cp predicts a lower h at 
entrance temperature, compared to actual h, because viscosity is calculated at 
entrance conditions while Cp is calculated at initial cold gas temperature. This 
alters the thermal conductivity which is a function of viscosity and Cp . h is a 
function of viscosity and Cp. This results in approximately 15% difference 
between h calculated using the compressible with fixed low Cr, model and the 
real h at the entrance. Thus compressible with fixed low Cp model predicts 
little flatter profiles than one would expect. Similarly the compressible with 
fixed high Cp model predicts a higher h at the initial cold bed temperature than 
the real h. This results in the prediction of sharper temperature profiles than 
one would expect. 92 
Figure 444 shows the temperature profiles predicted by the 
compressible with fixed high Cp and low Cp models and the compressible 
model. The temperature profiles predicted by the compressible with fixed high 
Cp model are faster and flatter than those predicted by the compressible with 
fixed low Cp model. The temperature profiles predicted by the compressible 
model show intermediate behavior. The temperature profiles of the 
compressible with fixed low Cp model are flatter than simply changing the 
value of Cp due to a lower value of h as explained. The temperature profiles of 
the compressible with fixed high Cr, model are sharper than simply changing 
the value of Cp due to a higher value of h as explained. 
aTg(z) Figure 445 shows the  curves. The compressible with fixed low 
az 
Cp model predicts steeper curves than those predicted by the compressible 
with fixed high Cp model and the compressible model predicts intermediate 
results. The behavior is similar to one discussed in figure 442 (Study of high 
and low Cp at a constant h). Reader may refer to section 4.3 for further details. 
The temperature differences along the length of the regenerator at different 
times and other standard characteristics are shown in figure 446. 
Please refer to section 4.2 for explanation (Figure 4.13). 
The behavior of all curves predicted by these models are similar to 
those predicted in subsection 4.3.2 in which effects of Cp are studied at 
constant h. Although h is a variable for the models under consideration in this 93 
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section the variation of h affects results of both models similarly. Change in 
constant Cy dominates the behavior of the curves. 
4.7 STUDY OF ae2 
Finally some quantitative studies on the time normalized time variance, 
ae2(L) of Tg out(t) curve were done. As discussed in section 4.3, as long as the 
regenerator behaves as if it has an infinite length, i.e. as long as the gas 
temperature front spreads continuously, az2(t) keeps on increasing. The spatial 
temperature profile generates the breakthrough curve. As the regenerator 
length increases 6 2(L) decreases. Figure 451 shows how cre2(L) varies with 
length at different velocities. Figure 452 shows the difference between the 
variances calculated by the compressible model and the linear models. Figure 
4.53 and 454 show the effect of gas entrance temperatures on the 
a 4T 
0  g entrance) for linear and the compressible models. The variance decreases 
with increasing inlet temperature, because of higher h and higher St. 
4.8 PRELIMINARY DESIGN 
Previous methods for the design of heat regenerators have been based 
on only incompressible models. Counterflow regenerators were designed to 
enable a constant - period operation, i.e. if a regenerator is heated for a period, 95  0.20 
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t by a gas flowing in one direction, cooling takes place for same period of 
time, t* by a gas flowing in the opposite direction. Jakob (1957) indicates that 
after repeating this operation an infinite number of times, steady state is 
achieved in the sense, that the temperature profile at the end of a heating 
period is the same as the temperature profile at the end of an earlier heating 
period. Although this simple approach may be attractive, in general such a 
procedure is not very time and energy efficient since 100% efficiency is not 
always maintained by a constant switching time. Therefore we suggest a 
preliminary energy - efficient switching criterion similar to Levenspiel (1983), 
which should be applicable in majority of situations. 
This procedure does not require calculation of the efficiency ri of the 
system, which requires integration of temperature profiles and the properties 
of gas and bed at different times. Since we propose to maintain nearly 100% 
efficiency throughout the process of heating, it is only necessary to know that 
until the breakthrough curve appears, the efficiency of the system is 100%. 
Therefore the heating period should be continued until the temperature of the 
outlet gas starts to rise, i.e. until the temperature "breaks through". The 
following cold pass would be in the opposite direction far as long as required 
for the excess heat of the solids to be removed. During the regenerator cooling 
period it is not important to maintain high efficiency, i.e. maintain high exit 
gas temperature because, heat is being recovered (Levenspiel, 1983). Also for 
sharper profiles the steady state is achieved relatively rapidly which means 98 
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that with sharp profiles less gas with low heat energy would be handled. An 
even better design would be if some fluid, even a liquid of high p.Cp were 
used for the cold pass. This is the operation of highest energy efficiency. All 
that is required to implement this idea is to gage exit gas temperature to 
determine appropriate switching times.Thus this procedure allows the 
maximum possible total heat transfer from hot gas to the cold regenerator bed 
for 100% efficiency during the heating period. 
4.8.1 Effect of h and Cp on t* 
It is important to know the time at which the breakthrough curve 
appears compared to the time at which steady state is achieved. Figure 455 
shows t* as a function of the length of the regenerator for the compressible ­
high h and the compressible - low h models. Because of steepness of the 
temperature profiles for high h the breakthrough appears late for the 
compressible  high h model. However for high Cp the gas temperature 
profiles are flatter which produces an earlier breakthrough than with low Cp. 
Figure 456 shows the details of effects of high and low Cp on the 
breakthrough time. dt. is small for a small L, because for a small L, AT along 
dL 
the length of the regenerator is big before breakthrough occurs and the 
spreading is not pronounced. However for a high L the temperature profile 101 
Compressible - high h
- - - - Compressible - low h
L (m) 
Figure 455. A comparison of t'(L) predicted by the compressible - high h 
model and compressible - low h model. 
3.0 
Compressible - high Cp 
Compressible - low Cp 2.5 
2.0 
..C, 
*
1.5
1.-­ 0 
x 
4. 
.44  1.0 
0.5 
0.0 
0  10  20 30  40 50 
L (m) 
Figure 456. A comparison of t *(L) predicted by the compressible - high Cp 
model and compressible - low Cp model. 102 
spreads considerably in the regenerator bed before breakthrough occurs which 
results in high dt* . 
dL 
4.8.2 Comparisons of the proposed compressible model with other models 
Figure 457 shows the dependence of breakthrough time t* on the 
length of regenerator predicted by the compressible model and the linear - H 
model. The linear - H model over predicts the time at which the breakthrough 
curve appears for shorter regenerators and under predicts the time at which 
the breakthrough curve appears for long regenerators. Due to high h and high 
AT maintained for shorter regenerators Sf predicted by the linear - H model is 
always higher than that predicted by the compressible model. Sharper profiles 
and low variance result in over prediction of breakthrough time, t*. However 
for longer regenerators, as the temperature front moves inside, the temperature 
difference between gas and solids, AT decreases which limits the effect of high 
h. The variance increases and because of high Cp and low Sf, the linear - H 
model under predicts the breakthrough time. At some intermediate length both 
models predict the same breakthrough time, but the linear - H model predicts 
a sharper profile and thus larger amount of heat in the regenerator bed than 
that predicted by the compressible model, because rate of heat transfer 
predicted by linear model assuming hot end gas properties is always higher 103 
than that predicted by the linear model. In the case of the linear - L model the 
spread of the temperature profile is very high because of low h and Sf, in spite 
of low C as explained in section 4.3. In spite of the high variance and spread, 
the temperature profile as a whole moves very slowly. These opposing effects 
result in the breakthrough time slightly less than that predicted by the 
compressible model for the range of length studied, as shown in figure 458. 
Figure 459 and 4.60 show the effects of assuming h or Cp respectively 
to be temperature dependent while the others held constant at a high or low 
value. This is a partial approach to the compressible model. The results are as 
predicted. A high constant value of h yields a sharper profile and a larger  t* 
while a high Cp yields a flatter profile and a smaller tt. 104 
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CHAPTER 5
CHEMICAL REACTIONS IN HEAT REGENERATORS
In this chapter, models for elementary first, second and third order 
reactions are developed as an initial investigation of the use of heat 
regenerators as reactors. 
5.1 ASSUMPTIONS 
1.  Regenerator is perfectly adiabatic in nature. 
2.  Solid thermal conductivity is assumed to be infinite normal to the gas 
flow and zero parallel to the gas flow. 
3.  Perfect plug flow of gas exists. 
4.  Pressure drop affects are negligible. 
5.  Solid thermal capacity and density are constant. 
6.  Radiation effects are negligible. 
7.  Gas thermal conductivity is negligible. 
8.  Change in the Kinetic energy of gas is negligible. 
9.  The reactions are assumed to be homogeneous and to take place in the 
gas phase. Arrhenius-type rate equations are assumed for temperature 
dependence of the "rate constants". 107 
5.2 MODEL DEVELOPMENT
The reactions considered are of the following types;
A -4 D
A  ID
2
A+-
1B > D 
2 
and the corresponding rate equations are 
Ea (-) 
-rA  = K le  g CA 
Tr  2 -rA  = K2e  g CA
(-
Ea
) 1" 2 -rA  = K 3e  g CACB 
In the following treatment the model development for the first and 
second order kinetics is shown in detail. 
(5.1)
(5.2)
(5.3)
(5.4)
(5.5)
(5.6)108 
Energy balance on the gas phase 
Rate of enthalpy in - Rate of Enthalpy out + Rate of Enthalpy Generation = 
Rate of enthalpy accumulation 
a(epHAx) GHlx- GHIxi.Ax- hap(Tg- Ts)Ax + c(-rA)(_zsii)Ax. 
at 
where G = pu. 
Dividing by & and taking the limits & > 0 and we get 
-a(PuH)-ha  -Tg)+e(-r)( -AH) = ea(P11)  (5.7) 
ax  at 
Energy balance on the solid phase 
This balance remains the same as in the model of a heat regenerator without 
reaction. 
di;  hap 
(T -T)  (5.8) 
dt  (1-e)psCps  g  s 
Overall mass balance on the gas phase 
This balance also remains the same as in the case of heat regenerator without 
reaction. 109 
a(pu)  ap  _  = E  (5.9) a  at 
which is the equation of continuity. 
By using the same procedure as in the model of a heat regenerator 
without reaction (Chapter 3) the final modified energy balance equation for the 
gas phase can be written as follows; 
DT  1  DT  ha (T  TS)  (-r AX-AH) 
g =  [u  g +  P g  -e  l  (5.10) 
at  E ax  pCp  pCP 
Component balances 
A mass balance on component A can be written in moles as 
Rate of moles of A in - Rate of moles of A out - Rate of moles of A reacted = 
Rate of moles of A accumulation 
a(eexcA) 
ucAlx-ucAlx,- c(-rA)Ax  at 
Dividing by & and taking the limits ex * 0 and we get 
acA  1 acA  Du  (5.11) = - [u  +C  +E(-TA)]
at  E ax  A aX 110 
Since the total number of moles per volume is  P  , an algebraic equation for 
RT 
g 
component D is written as 
C = 
P  -C  (5.12) 
D RT  A 
g 
Modification of the Equation of Continuity 
The equation of continuity can be further simplified using the chain rule as 
a(_P_A4  )  a( IA4 )
RT  w  RT  w PM au  (5.13)
g -E  =u  g + w 
at  ax  RT ax 
g 
and using 
P  P MACA+MDCD  P _A4 =  = M C +M (-C ) A A A  D DT RT  w  RT  P  (5.14) g g  s 
RT 
g 
we can substitute and rearrange (5.13) to obtain 
ac PM aT A  g  ac  acA_pmDaTg  ac  PMw au D A
A ]4,  .)  D at
E  A ax  Kr2 ax  D  ax)  ERT ax "`  RT- '  g g g 
(5.15) 
Substituting expressions for time derivatives from equations (5.10) and (5.11) 
and further rearrangement yields 111 
PM ha (T  Ts)  (  )(  AT-1) 
]+  D [ [(-rA)MA-(-rA)MD 9 
P 
R T;  EPCp  pCp
du  (5.16) = 
dx  1(MACA-MDCA-M  )
RT  w 
where use was made of the relationship 
PM.  PMD PMD M C -M C - = MCA- +MDCD- ­ A A DA  "
A  RT  RT  RT 
for first order kinetics we get 
du  R  [ha (T -T )+E(-r )(-M-1)]  (5.18)
dx  PMWCP  Pg  A 
because MA = MD 
In the case of the second order reaction there is a decrease in the 
number of moles in the gas phase due to reaction and from stoichiometry 2MA 
= MD. Therefore the equation of continuity can be modified as 
ERT du  =  [hap(T -7;)+E(-r  (-r A)  (5.19) 
dx  PM.CP  g 
Three terms influence the spatial derivative of linear velocity. The velocity of 
the gas is affected by the rate of heat transferred to the bed, the rate of heat 
generated by the reaction and the role of the change in the number of moles in 
gas phase due to reaction. The first term is the rate of heat transfer term which 
decreases the gas velocity during the solids heating and increases the gas 112 
velocity during the solids cooling period which can be seen from its negative 
sign during the heating period and the positive sign during the cooling period. 
The second term is the rate of heat generation term which is positive for an 
exothermic reaction and negative for an endothermic reaction. Thus an 
exothermic reaction by increasing the gas temperature increases the linear gas 
velocity, while an endothermic reaction by decreasing the gas temperature 
decreases the linear gas velocity. The third term is due to a change in the 
number of gas moles with reaction. In the second order example this term is 
negative because the number of moles is reduced with reaction. This term is 
not present in equation (5.18) since there is no change in the number of moles 
for the first order reaction. 
It is not necessary to go through the rigorous algebra and calculus to 
arrive at an equation similar to equation (5.19) for other kinetic schemes. The 
terms in equation (5.19) due to heat transfer and generation remain the same 
irrespective of the order of reaction, and number of components. Only the 
third term changes depending on the stoichiometry of the reaction. For 
example consider the third order reaction, equation (5.6), in the presence of the 
inerts I. In this case 1.5 moles of reactants are consumed to produce 1 mole of 
product. The net difference in the moles consumed and produced is -0.5 since 
inerts are unaffected. We thus need three differential equations and one 
algebraic equation to solve for four components. There is no algebraic 
relationship among all concentrations of the reactants and the products as 113 
there is under steady state conditions, because there can be different rates of 
accumulation. The amount of reactant accumulated and the amount of reactant 
reacted can not be separated algebraically. Appendix B contains further details. 
Following the similar procedure as explained for equations (5.13) to (5.19), the 
equation of continuity reduces to 
ERT du  = - R  [hap(Tg-Ts)+e(-TAX-AM-pg (-TA)  (5.21) 
dx  PM.Cp 
The final model equations 
In order to specify the method of orthogonal collocation, a non-
dimensional length, z = x/L, is used in the final model equations. The energy 
balance equations for gas and solids are 
DT  1 u aT ha  (T - T )  (-r )(-AH) g+ p g  s g  (5.22) 
at  7 L az  pCp  pC 
and 
dTs  hap 
(T -T )  (5.23) 
dt  (1-e)psCps 
For the cases of the first order and second order reactions without inerts 
component balances are 114 
P 
CD  -C  (5.25) 
D RT  A 
g 
ac  1 uacA cital4
A  (5.24) tr. [ 4-+c(-r )]
A at  E L-57 L aZ 
The component balances for the third order reaction in the presence of inerts 
can be written as 
acA  1 u wit  +C(...7. )]  (5.26) [_  au 
at  LA A C L az  L az 
aCB  a  +CBau+c 1(_rA)] 1 u CB (5.27) 
at  c L az  L az  2 
act  1 u aci CI au  (5.28) = -c E  +L  l  at  L az  az 
P CD --CA -CB -CI  (5.29)
RT 
g 
The equation of continuity for all cases can be written as 
RTg du  (5.30) - -T,)+ E (-r AX-M-1)]- E (nr-n)L-1( -TA)
dz  PA4WCP  g 
Where n,. is the total number of moles of reactants needed to give n, moles of 
products based on one mole of the key reactant in the stoichiometric equation. 115 
Initial and Boundary conditions. 
For the first and second order reactions initial and boundary conditions are 
T (0,z) = Ts(0,z) = T  initial;  Ck(O,z)  Ck initial 
T g(t,0)  =  Tg entrance; Ck(t,O) = Ck entrance;  14(t'°) =  Uentrance 
5.3 IMPLEMENTATION OF ORTHOGONAL COLLOCATION 
The method of orthogonal collocation can be used to convert the time 
and space dependent parabolic partial differential equations into the time 
dependent ordinary differential equations and to convert the space dependent 
ordinary differential equations into the algebraic equations. Appendix C 
contains further details of the method. 
The energy balance on the gas phase 
dT  ha  (-rA)(-A11,.) 1  14. i-N 
g I .  =  A..T +L(T - -e  = 2,3...N(5.31)
dt  E g  p.0  p.0
1  Pi  Pj 116 
The energy balance on solids 
dT  ha 
51  =  P  Td  j = 1,2,3,...N  (5.32) 
dt  (1-e)psCps 
The equation of continuity 
RT RL 
1 E  =  [ha (T  TS) +E(-rA)(-AH)]-e(n -n )L  A)  j=2,..N 
11 1  r p PM C  P gi 1.1  WI.  pi 
)  (5.33) 
The component balances 
A general component balance can be written as 
Ck.iN dCk  1  14  (5.34) 11 =  A.0 u.+ea )]  j = 2,3...N p ki r  k A dt  E L  L. 1.1 
where k is the component and varies from 1 to n-1 and ak is the stoichiometric 
coefficient of the component based on unit stoichiometric coefficient of the key 
reactant A. ak is positive for reactants and negative for products and 0 for I. 
Finally the algebraic equations for D are given for the first and second 
order reactions with only A and D present as 117 
C, =  j = 2,3,4,...N  (5.35)
RT 
For a third order reaction with inerts, 
CD =  C C CI  j = 2,3,4,...N  (5.36)
RT 
The initial conditions are 
T I.  = Ts; I. g  11,..N  = Ts initial' imhall  Ck.lj.2,.N = Ck initial;  14 ji  uinitial 
The boundary conditions are 
Tgi = Tg  Cki =  Ck entrance;  ul =  uentrance 
As in the case of a heat regenerator without reaction, the choice of initial 
conditions for u is arbitrary and will not affect the solution. For N collocation 
points there are (N-1) ordinary differential equations for Tg, (N) ordinary 
differential equations for Ts and (N-1) algebraic equations for u. In addition 
there are (1c-1)(N-1) ordinary differential equations for component calculations 
to be solved and (N-1) algebraic relationships which are explicit calculations 
and not needed as the equations to solve iteratively. Thus the total number of 
equations to be solved is (N-1)(k+1)+(N). DASSL (Petzold, 1983) was used to 
solve the differential and algebraic equations simultaneously. 
Results reported in the next sections were obtained with the following; 118 
Table 5-1. The total number of collocation points used and the equations 
solved for different kinetics. 
Order of  Number of  Components Ck  Total number 
reaction  collocation points  of equations 
I 22  2 85 
II 22  2  85 
III 15  4  85 
5.4 CORRELATIONS AND RELATIONSHIPS 
The components for the first and second order reaction are CO (A) and 
CO2 (D); for the third order reaction the components are CO (A), 02 (B), CO2 
(D), N2 W. 
For the first and second order reactions heat capacity is calculated using 
correlations given by (Perry and Green, 1984) 
195500)
Cp = X A(6.6 +0.00120Tg) +xD(10.34 +0.00274Tg­
71 
For the third order reaction example the heat capacities are given as (Perry and 
Green, 1984) 119 
187700
Cn = 6.6+0.0012T  C  = 8 27+0.000258T 
Pg  g rA  T2 
C  = 10.34+0.00274T -195500.  C =  Tg 
PD  g ' 
T2 
with 
kun  kmn C  PM 
Xk =  M= E XkiWk;  p  w;  C  E XkCpk
RT w  k.1  k.i
E ck 
km1 
All C values are in call(mol.K) for Tg in K. 
The correlation for h remains the same as in the model without reaction. 
The viscosities of the individual components are calculated as discussed in 
Chapter 3. However because the gas in this case is a mixture gases, the 
viscosity is calculated as suggested by Bird, Stewart and Lightfoot (1960). 
micro poise = 
where 
1  I 1 ,
1 III  "I
ail  = (1+"I 1)  [1+()
-7  (1)
M  1 M 
The thermal conductivity is calculated as described in Chapter 3. 120 
The heat of reaction changes with the gas temperature. The heat of 
reaction at any temperature is calculated as follows (Levenspiel, 1972); 
Heat of reaction at Tg = Heat of reaction at Tr + heat released in bringing the 
reactants from Tg to Tr - heat required to bring products from Tr to Tg 
when one mole of key reactant reacts. 
In the form of an equation this can be written as follows 
Ic-N, Tg  k.N Tg
g 
(-MIT) = (-AHT)+ E f a kCp di. 'reactants- E fa kC dT 'products 
, k  k g  1c-1 T  k.1 T 
5.5 PROPERTIES OF BED AND INITIAL AND BOUNDARY CONDITIONS 
The properties of bed solids used are the same for the regenerator with 
or without reaction. The solids' properties typically represent ceramic bricks. 
The physical properties which are constant are listed below; 
Density of solids: 2500 kg /m3 
Heat capacity of solids: 1000 J /(kg.K) 
Length of the regenerator: 20 m 
Porosity: 0.5 
Solids' diameter: 0.1 m 121 
The kinetic parameters used for the first, second and third order kinetics which
do not show anomalous behavior are as follows;
K = 100000 s-1 for first order reaction, m3 /(mol.$) for second order reaction,
m6i(nori, .$) for third order reaction.
Ea = 100000 J/mo/
-OH = 100000 limo/
The initial and boundary conditions for a heat regenerator with reaction 
For the first and second order reactions 
at = 0 and @ 0<z<1 
T5= 300 K, Tg = 300 K, u = 1 m/s, xA = 0.25, xi) = 0.75 
@ z = 0 and all t 
u= 3.33 mls, Tg = 1000 K, xA = 0.25, xi, = 0.75 
For the third order reaction (See Chapter 5) 
@ t = 0 and @ 0<z<1 
T5= 300 K, Tg = 300 K, u = 1 mls, xA = 0.25, xB = 0.1575 , x1 =0.5925 , xr, = 0 
@ z = 0 and all t 
u = 3.33 m /s, Tg = 1000 K, xA =0.25, xB =0.1575, x1 =0.5925 , xr, = 0 122 
For the reaction system which shows anomalous behavior the conditions 
and kinetic parameters are different from those mentioned above. 
Heat regenerator-reactor with anomalous behavior 
For the case where the entrance gas temperature (Anomalous behavior 
I) is above the bed temperature, the kinetic parameters are as follows; 
K = 1 m61(mo12.0 
E. = 10000 j 
-Ali = 100000 J 
The initial and boundary conditions 
O t = 0 and CO 0<z<1 
TS= 300 K, Tg = 300 K, u = 1 mls, xA =0.25 , xii? = 0.15 , x/ =.65 , xr, = 0 
@ z = 0 and all t 
u= 3.33 m/s, T= 1000 K, xA = 0, xB = 0.21, x1 = 0.79 , xi) = 0 
For the case in which initial bed temperature is equal to the gas inlet 
temperature (anomalous behavior II), the kinetic parameters are given by 123 
K = 0.5 m6 /(mol2.$) 
Ea = 10000 J 
-AEI =100000 J 
The initial and boundary conditions 
CO t = 0 and @ 0<z<1 
Ts = 300 K, Tg = 300 K, u = 1 mls, xA =0.2 , xB = 0.1 , xi = 0.7 , xD = 0 
@ z = 0 and all t 
u = 3.33 mls, Tg = 300 K, xA = 0, xB = 0.21, xi = 0.79 , xi:, = 0 124 
CHAPTER 6
SIMULATIONS OF A REGENERATOR AS A REACTOR
6.1 ANALYSIS OF AH AND CHAPTER LAYOUT 
Preliminary results of homogeneous reactions will be presented in this 
section. First the dependance of heat of reaction on the gas temperature is 
shown. The heat of reaction as a function of temperature is calculated using 
the energy balance based on one mole of the key reactant. Figures 64, 6.2 
and 6.3 show the temperature dependence of the heat of reaction (-AH). The 
heat of reaction does not vary much in any case, because the Cps of the 
reactants and products do not vary much with the temperature. 125  1.00 
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Figure 6.1. The dependence of (-MI) on Tg for the first order reaction. 
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Figure 6.2. The dependence of ( -MI) on Tg for the second order reaction. 126 
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Figure 63. The dependence of ( -MI) on Tg for the third order reaction. 127 
The tools and the figures used to explain heat regenerator-reactor are 
given below. 
Table 64. The tools and Figures used to study the heat regenerator-reactor. 
Tool I order  II order  III order  Anomalous  Anomalous 
reaction  reaction  reaction  behavior I  behavior II 
T 64, 65,  640, 641  644, 645,  6/1  6.25  g 
6.6 646 
G 6.5, 6.7  6.11  6.15, 647 
Ts 6.6, 67  6.16,6.17  6/1  6.25 
u 6.20  6.20  6.20  6/2  6.26 
xA 68  642  6.18  6.23  6/7 
-TA 6.9  643  619  6/4  6.28 
6.2 RESULTS OF I, II, AND III ORDER REACTIONS 
I, II and III order reactions are considered. For further details reader 
may refer to Chapter 5. The reactants at high temperature (1000 K) enter the 
packed bed heat regenerator, which is initially at low temperature (300 K). The 
total mass flux of hot gas entering into the regenerator is fixed. 128 
6.2.1 I Order reaction 
Figure 64 shows the gas temperature profiles with or without the first 
order reaction at five different times. Initially the heat transfer rate to cold bed 
is very fast and the gas temperature rapidly falls down to the bed temperature 
and the little reaction occurs. The heat transfer is too fast for reaction to occur. 
Therefore the gas temperature profiles look very similar to those in the case of 
heat regenerator without reaction at t = 100 s. As the gas temperature profile 
slowly rises, the rate of reaction (-TA) increases. Since the reaction is exothermic 
more heat is generated. At intermediate times, the gas temperature near the 
entrance is above the gas temperature at the entrance, but the bed near the exit 
is still near the initial temperature. This phenomenon causes a hot spot, or 
location of maximum temperature. This hot spot moves into the bed and 
increases in value along adiabatic saturation line until the adiabatic flame 
temperature is reached, i.e. at that point all the reactants have reacted and all 
the heat is carried over by the gas. In the example considered here, the 
regenerator is very long compared to the necessary reaction zone. Because of 
this at steady state, the adiabatic flame temperature is reached within the 
fraction of the length of the bed. Thus along the rest of length of the 
regenerator bed the gas temperature is constant. The effect of the exothermic 
reaction is seen in the difference in steady state temperatures for no reaction 129  1 500 
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Figure 64. A comparison of Tg(z) profiles for the first order reaction and with 
no reaction. 
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Figure 6.5. The effect of u (G) on the Tiz) profiles for the first order entrance 
reaction. 130 
and with a first order reaction. Please refer to Figure 64 for the details of the 
effect of I order reaction on the gas temperature profiles. 
Figure 65 demonstrates the effect of the gas mass flux into the 
regenerator. Since the feed composition is constant, the gas mass flux does not 
affect the adiabatic flame temperature. However since the residence time of the 
gas decreases with the increasing mass flux, although the rate of heat transfer 
is more, the gas temperature profiles are flatter for higher gas mass flux, 
although at any time the temperature profile for higher gas mass flux is ahead 
of that for a lower gas mass flux. 
The bed temperature profile always follows the gas temperature profile. 
Initially there is an appreciable temperature difference between the gas and the 
bed temperature (high AT), but as time passes, solid temperature tends to 
approach the gas temperature which decreases AT until at steady state there is 
no difference. The gas and solids temperature profiles move together till the 
steady state is achieved at which bed and gas temperatures become equal. 
Figure 6.6 shows this behavior. Since the solid temperature quickly follows 
the gas temperature, profiles of solid temperature are similar to those of gas 
temperatures (Figure 67). 
Reaction rates and conversions of the key reactant along the length of 
the regenerator-reactor help to analyze the temperature profiles. Figure 6.8 
shows the mole fraction of the key reactant along the length of the regenerator 
at different times. Initially there is little reaction taking place due to the rapid 131  1 500 
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Figure 6.6. A comparison of Tg(z) and Ts(z) profiles for the first order reaction. 
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Figure 6.7. The effect of uentrance (G) on the Ts(z) profiles for the first order 
reaction. 132 
drop in the gas temperature because of high heat transfer rate. Thus  xA 
throughout the regenerator is almost equal to the entrance value. As time 
passes, the rate of reaction (-TA) slowly increases since the gas temperature at 
the entrance of regenerator slowly increases. Since the reaction is highly 
exothermic and very fast, the reaction rate increases rapidly until nearly all the 
reactants are reacted. Figure 69 shows how the rate of reaction increases till it 
reaches a maximum and then rapidly decreases as the key reactant gets 
exhausted. From Figure 6.8 it can be seen that the mole fraction of the key 
reactant suddenly drops to a nearly constant level. Because of this the 
concentration profiles reach steady state faster than the temperature profiles. 
Temperature profiles approach steady state very slowly due to the large 
difference between solid and gas heat capacities on a volume basis. A system 
of larger difference between solids and gas heat capacities on a volume basis 
reaches steady state much later than that with smaller difference in heat 
capacities on a volume basis. 
It can be seen that increasing the inlet gas mass flux pushes the 
temperature profile towards the exit end making it flatter since the residence 
time of gas in the regenerator decreases. Even though the profiles of rates of 
reactions become flatter, the peak rate increases slightly with the increasing gas 
mass flux. This is because the concentration and temperature, are relatively 
higher at all positions in the regenerator which cause the higher peak rate. 133 
6.2.2 II Order reaction 
Figure 640 shows the gas temperature profiles with and without the 
second order reaction. Figure 641 shows the effect of increasing gas mass flux 
for the second order reaction. Figures 642 and 643 show the variation of the 
xA and -TA along the length of the regenerator bed. These curves can be 
analyzed similar to example of the first order reaction. However due a 
decrease in the number of moles with reaction, the residence time for the same 
inlet gas mass flux is higher than that in the case of the first order reaction. 
This effect and mainly the higher order kinetics and lower Cp result in the 
higher reaction rates than in the case of the first order reactions. The reaction 
at steady state is . ver in a fraction (approximately 0.3-0.5) of a second. Due to 
different C values the adiabatic flame temperature is different from that in the 
case of the first order reaction. 
6.2.3 III Order reaction 
The results for the regenerator with a third order reaction are similar to 
those with the first and second order reactions. Figures 644 through 649 
show the variation of the gas temperature, effect of the inlet gas mass flux on 
the gas temperature profile, the regenerator bed temperature profile, the effect 
of the inlet gas mass flux on the bed temperature, variation of xA and rA along 134 
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order reaction. 137 
the length of the regenerator and variation of the rates of reaction. Although 
the results of this case appear the same as in the I and II order reactions, 
problem is slightly more complex, because there are more components instead 
of only two. Thus one has to solve three (n-1) partial differential equations for 
components instead of only one and fewer collocation points are used, as 
discussed in Chapter 5. Because of the reasons explained peak rates of the 
reaction are higher than in the case of first and second order systems. 
Figure 6/0 shows the linear gas velocity profiles for all cases. 
6.3 THE CASE OF ANOMALOUS BEHAVIOR 
It is very common that the reaction rate and the conversion at a position 
in a reactor increase with increase in the gas temperature for an irreversible 
reaction since the reaction rate varies exponentially with the gas temperature. 
However this is not always true. For a specific set of parameters, the effect of a 
lower reactant concentration can be larger than that of increased gas 
temperature. This effect is seen when an increased temperature in a reactor 
results in a decreased rate of reaction. 
In the constant pressure gaseous phase reactions, the concentrations of 
reactants decrease with an increase in the gas temperature. Also at a higher 
internal temperature the internal velocity of the gas is higher for the same inlet 
velocity and the gas mass flux. Thus reduced concentration and residence time 138  1 800 
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effects may decrease the conversion at higher temperatures even though the 
rate constant is higher. The higher the order of the reaction, the more 
pronounced the effect of concentration. Two cases with different feed 
temperatures for third order kinetics are discussed next. 
6.3.1 Anomalous behavior I 
The first example is one in which the inlet gas temperature is 
considerably higher than that of the initial bed temperature. The reaction is 
slow in comparison with reactions discussed so far. The effect of the 
exothermic heat of reaction is also not very pronounced. Figure 6.21 shows 
the gas temperature profiles of such a reaction. Figure 6.22 shows the velocity 
profiles which are similar to gas the temperature profiles. 
Figures 623 and 624 show the corresponding xA and -TA along the 
length of the regenerator at different times. It can be seen from Figure 623 
that xA at the exit is less initially than later. At the start, the gas temperature of 
the gas in the bed is small and it increases with time. Also from Figure 6.24 it 
is seen that the initial rates of reaction are higher than those at later times. The 
reason for this kind of behavior has been explained. 143  1 500 
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6.3.2 Anomalous behavior II 
In the regenerator in which feed gas and bed temperatures are very 
comparable, the hot spots are pronounced. The inlet gas temperature for 
anomalous behavior II is equal to the initial bed temperature. As the gas enters 
the regenerator there is no driving force for heat transfer. Since the activation 
energy is low the reaction can occur at this temperature. As reaction occurs the 
gas temperature rises until a point, where the rate of heat generated by the 
reaction is equal to the rate of heat transfer to the bed. From that point 
onwards the temperature of gas drops as the rate of reaction decreases due to 
a lower concentration of the reactants. As the bed near the entrance gets 
heated sufficiently, the hot spot moves towards the exit along the steady state 
temperature curve. 
The bed temperature closely follows the gas temperature (Figure 6/5). 
Figure 6/6 shows how the velocity profile varies with location for different 
times. 
In this example the activation energy/temperature have practically no 
influence on the rate of reaction. Thus xA and -TA are nearly time independent 
throughout the transient period. Figure 6.27 and 6/8 show relatively small 
differences with time. 146  800 
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS
FOR FUTURE WORK
7.1 CONCLUSIONS 
7.1.1 Heat regenerator without reaction 
1.  The accumulation of mass and energy in the regenerator process can be 
neglected if pCp/pCps(1 -e) << 1. If pCp/pCps(1-e) = 1 as in the case of a liquid 
solid system accumulation of energy during the regenerator process can not be 
neglected. 
2.  The temperature dependence of Cp and h should be considered. 
3.  If either Cp or h is considered to depend on temperature, both must be 
so treated. 
4.  The regenerator bed temperature profile follows the gas temperature 
profile closely. 
5.  For 100% efficiency, the heating period should end when the 
breakthrough appears. 149 
7.1.2 Heat regenerator with exothermic reaction 
1.  The compressible model for regenerator with reaction can be solved 
using orthogonal collocation. 
2.  The concentration profiles change more rapidly than the gas and solid 
temperature profiles. Since pCp/pCps(1-0 << 1 for gas-solid system, this 
condition always holds for highly exothermic reactions. 
3.  If the reaction has small Ea, the reaction is not affected significantly by 
Tg. The concentration of the reactants affects the rate of reaction and hence 
conversion more significantly. In such a case the conversion and the rate 
decrease with the increase in Tg. Conversion is also affected by the residence 
time or u. 
4.  The reaction rates are higher for higher gas mass flux. 
7.2 RECOMMENDATIONS FOR FUTURE WORK 
7.2.2 Heat regenerator without reaction 
1.  If the regenerator is very long and the packings are small, the pressure 
drop across the regenerator becomes appreciable. The pressure drop across the 
regenerator should be considered for closed boundary conditions first and then 
for open boundary conditions. 150 
3.  The radial conduction in the solids should be considered if Bi » 1. The 
Axial conduction should be incorporated in the model if the packings are non-
spherical which causes appreciable contact area between them. 
4.  The axial dispersion in the gas phase should be considered if 
GCp13hapLp  1. 
5.  The counter current switching operation is an important process. In this 
process regenerator bed is heated for a time t' by the hot incoming gas in one 
direction. After the heating period, the bed is cooled by a cold incoming gas 
flowing in the other direction. This process is repeated continuously. This 
process has to be studied in detail using compressible model. 
7.2.2 Heat Regenerator with Reaction 
1.  The proposed model should be solved using more number of collocation 
points. 
2.  The heterogenous reactions must be treated in the regenerator system 
using the present compressible model. 
3.  All recommendations suggested in the case of heat regenerator without 
reaction are recommended. 151 
NOMENCLATURE
ak stoichiometric coefficient of kth component in the reaction based on one 
mole of key reactant, (-) 
a  specific surface in the bed, m-1 
A  cross sectional area of bed in Chapter 3, (m2) 
A  a reactant in a reaction, (-) 
A  a first derivative operator matrix in the method of collocation, (-) 
A- an element in the jth row and ith column in matrix A, (-), Chapter 3, 5 
B  a reactant in a reaction, (-) 
Bi  particle Biot number, (-), Chapter 3 
Biu,  tube Biot number for channel flow regenerator, (-), Chapter 3 
CA  molar concentration of component A, (mollm3 
Ck entrance  entrance molar concentration of any component, (M0117113) 
initial molar concentration of any component, (71100113) Ck initial 
Ck Ck  at any collocation point, (mo//m3) 
Cp total specific heat of gas at a constant pressure, (J1kg.K) 
C at any collocation point, (J/kg.K) 
Pki 
CpA  specific heat of component A at a constant pressure, (cal /mol.K)
CpB  total specific heat of component B at a constant pressure, (cal /mol.K)
CpD  total specific heat of component C at a constant pressure, (callmol.K)
C 152 
Cpl  total specific heat of component I at a constant pressure, (cal /mol.K)
C,  total specific heat at a constant volume, (cal /mol.K)
D  the product in the reaction, (-)
dp  diameter of the packing in the regenerator, (m)
Ea  activation energy for reaction, (J /mole)
gas mass flux, (kg /m2.$) 
Go  gas mass flux at the entrance of the regenerator, (kg/m2.$) 
h  heat transfer coefficient, (J/m2.K.$), Chapters 3 and 5 
h.  heat transfer coefficient at any collocation point, (kg /m2.K.$) 
H  gas enthalpy per unit mass, (likg) 
Hs  enthalpy of the solids per unit mass, (likg) 
Ho  enthalpy of the gas at reference temperature, (likg) 
I  the inert in a reaction, (-) 
k  Boltzman constant, (N.m /molecule.K) 
K1  Arrhenius constant for the first order reaction, (s-1) 
K2  Arrhenius constant for the second order reaction, (m3 /mol.$) 
K3  Arrhenius constant for the third order reaction, (m6 /mol2.$) 
k  gas thermal conductivity, (J.m/Ks) 
lc,  solid thermal conductivity, (J.m /K.$) 
k  any component in the system, (-) 
L  length of the regenerator, (m) 
Lp  characteristic length of the particle, (m), Chapter 3 153 
overall molecular weight of the gas, (glmol)
overall molecular weight of the gas at any collocation point, (glmol)
MA molecular weight of component A, (glmol) 
MB molecular weight of component B, (glmol) 
MD molecular weight of component D, (glmol) 
A41 molecular weight of component I, (glmol) 
n total number of components in the gas phase, (-) 
N total number of collocation points, (-) 
NM  total number of moles of any gas, (-) 
Nr  total number of reactants, (-) 
Np total number of products, (-) 
Re particle Reynolds number, (-), Chapter 3 
Nu particle Nusselt number, (-), Chapter 3 
nk molar flux of kth component, molls.m2 
nko molar flux of kth component at the entrance of the reactor, mol /s.m2 
sum of all aks of the reactants, (-) 
sum of all aks of the products, (-) 
P total pressure, (N1m2) 
Pe Peclet number, (-), Chapter 3 
Pl heated perimeter of flow channel, (m) 
Pr Prandtl number, Chapter 3 154 
q rate of the heat transfer per unit volume in the regenerator, (J /m3.$), 
Chapter 3 
Q total heat transferred to the bed of unit cross section, (I/m2), Chapter 3 
rA rate of reaction, (mol/m3.$), Chapter 5 
r rate of reaction at any collocation point, (mol/m3.$)
A 
R universal gas constant, (N.m /mol.K) 
Re Reynolds number, (-), Chapters 3 and 5 
St space derivative of Tg in the absence of accumulation, (K), Chapter 3 
St Stanton number, (-), Chapter 3 
t any time during the regenerator process, (s) 
t  time at which heating period should be stopped, (s), Chapter 4 
mean time of the breakthrough curve, (s) 
Tg  gas temperature, (K) 
Tg  gas temperature at the entrance of the regenerator, (K) entrance 
initial gas temperature in the regenerator, (K) Tg initial 
Tg out  gas temperature at the exit of the regenerator, (K) 
gas temperature at any collocation point, (K) 
g, 
gas temperature at the last collocation point, (K) 
N 
gas temperature at the first collocation point, (K) 
Tr reference temperature, (K) 155 
Ts  bed temperature, (K) 
initial bed temperature, (K) Ts initial 
T_  solid temperature at any collocation point, (K) 
T  solid temperature at the last collocation point, (K) s, 
solid temperature at the first collocation point, (K) 
TN  dimensionless gas temperature, (-), Chapter 3 
TS,N  dimensionless bed temperature, (-), Chapter 3 
u  superficial gas velocity, (m/s) 
superficial entrance gas velocity, (m/s) Uentrance 
u.  superficial gas velocity at any collocation point, (MIS) 
volume of the gas, (m3) 
XA  mole fraction of component A, (-) 
xk  mole fraction of component k, () 
w  thickness of the heat storage wall, (m) 
z  normalized regenerator length, (-) 
Greek symbols 
OFi  heat of reaction, (J /mol), Chapter 5 
Al-Ii  heat of reaction at any collocation point, (J/mop 
heat of reaction at any gas temperature, (J/mo/), Chapter 5 (MDTg 156 
11 
(Awn.  heat of reaction at reference temperature, (J/mo/)
At  a small time increment, (s)
AT  difference between gas and bed temperature at any location, (K),
Chapter 3 
Ax  a small increment in position, (m) 
a  hard-sphere diameter, (A) 
(062)d  percentage difference between 6e2 calculated using compressible 
model and linear - H model, (-)
porosity of the regenerator bed, (-)
overall efficiency of the regenerator, (-), Chapters 3 and 4
nondimensional length of heat storage unit, (-), Chapter 3
viscosity of the gas, (Poise = g /cm.$)
a constant equal to 3.14, (-)
p  gas density, (kg /m3) 
Pi  gas density at any collocation point, (kg /m3) 
Ps  density of solids, (kg /m3) 
(32Axial gas dispersion  normalized variance from Tg out(t) curve due to axial gas 
dispersion, (-), Chapter 3 
a2Ffim resistance  normalized variance from T g out (t) curve due to film resistance, (-), 
Chapter 3 
&particle resistance  normalized variance from Tg out(t) curve due to particle, 
resistance, (-), Chapter 3 157 
o2row total normalized variance from Tg out(t) curve, (-), Chapter 3 
az2  variance from T 
g(z) curve at any time, (-), Chapters 3 and 4 
ae2  normalized variance from Tg m(t) curve, (-), Chapters 3 and 4 
(Dv  semi-empirical nondimensional quantity which incorporates effect of 
mixing for gas viscosities 
v  characteristic energy for gases, (N.m /molecule) 
OT,  normalized integral for gas molecules, (-) 158 
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I 
APPENDIX A 
The rate of mass accumulation in the regenerator is finite although very 
small. There is accumulation of mass and energy in the regenerator for all 
nonlinear models discussed in this thesis. The rate of accumulation of mass by 
itself may not be a very important term compared to the rate of accumulation 
aT
of energy in the bed and  g, but it is advisable to use the compressible 
az 
model (accumulation) when u is very high and e » 0.5, because 
aT
g -SI> 0. As briefly mentioned in Chapter 3, pu is not a constant in 
az  f 
these regenerator models which results in mass accumulation. Since the system 
is dosed at the entrance, entrance conditions are not affected by the changes 
within the regenerator. 
A simple example of a rate of accumulation caused by heat transfer is a 
tube dosed at one end and open at the other end. If the tube is heated slowly, 
the density of the gas inside the tube decreases. Since the pressure and volume 
of the system are constant, some of the gas must move out of the tube. 
However gas can not move out the dosed end, so it flows only out of the open 
end. Thus an incremental velocity is generated by the heat transfer and rate of 
accumulation is not zero. Figure A1 depicts the system. 162 
A tube closed at one end (shaded) and open at the other end 
1 
Gas temperature inside the tube = Gas temperature outside the tube 
I  I i 
Heat Heat Heat 
Figure A 1. The effect of heat on the mass accumulation. 163 
APPENDIX B 
Since in the I and II order single reaction systems only two components 
were considered, only one differential equation for a component concentration 
must be solved, since an algebraic relationship is available for the other. 
However when there are more than two components in the system, only one 
algebraic equation is still available and n-1 differential equations for 
component concentrations are needed. In a dynamic model which incorporates 
accumulation term, the extent of reaction is not sufficient to calculate all 
concentrations and n-1 differential equations for the components concentrations 
are needed. For steady-state conditions only one differential equation is needed 
for component concentration to define the system because reaction 
stoichiometric relationship can be used to calculate all other compositions. 
The accumulation of mass by itself does not change composition of the 
gas. The mole ratios and mole fractions are preserved in a process involving 
only the accumulation of mass, e.g. a regenerator without reaction. However 
when a reaction occurs the mole fractions change continuously and so do the 
ratios at which components accumulate along the length of the regenerator-
reactor. 
A simple example would be an idealized reactor which has separate 
reaction zones in which no accumulation takes place and accumulation zones 
in which no reaction takes place. Figure 13 shows the system. Suppose the III 164 
order reaction considered in this thesis occurs and the number of moles of A, 
B and inerts which came in the reactor are 100, 100 and 50 respectively. A 
material balance can be written by arbitrarily choosing an amount of A reacted 
in each reaction zone and the amount of A accumulated in each accumulation 
zone. The accumulation effect is exaggerated to emphasize the effect. The 
following table gives details of the mass balance. 
Table B1. A numerical example to explain accumulation. 
A  B D I 
Moles entering the reactor  100  100  0  50 
Moles reacted in RZ1 zone  -30  -15  30  0 
Moles entering Acl zone  70  85  30  50 
Moles staying in Acl zone  17.5  21.25  7.5  12.5 
Moles entering RZ2 zone  52.5  63.75  22.5  37.5 
Moles reacted in RZ2 zone  -15.75  -7.875  15.75  0 
Moles entering Ac2 zone  36.75  55.875  38.25  37.5
Moles staying in Ac2 zone  9.1875  13.96875  9.5625
9.375 
Moles leaving the reactor  27.5625  41.90625  28.6875  28.125 165 
If we assume that reaction stoichiometry still holds then from material 
balance we know that for each mole of A, 0.5 moles of B reacts to give 1 mole 
of D. From material balance we get moles of B leaving the tube = Moles of B 
entering the tube - moles of A reacted/2 = 100-(100-27.5625)/2= 63.78125 
which is not the correct answer. Similarly moles of inerts leaving should be 50, 
which is not right either. This is because molar flux of A is affected by both 
reaction and accumulation of mass. Because of accumulation of mass the 
reaction stoichiometry either overpredicts or underpredicts the reaction term 
depending on whether there is accumulation or depletion. Please see figure 
B-1 for more details. The material balance on the molar basis neglecting 
accumulation can be written as follows 
1 1 
(n (nD-nDo)  (B.1)
AO-n A) = nBo-nB  =  2 
This is not true when accumulation exists as can be seen from 
1  (B.2) (100 -27.5625) * 100 -41.90625 * 1 (28.6875 -0) 
2 2 
(B.3) 36.21875 * 58.09375 * 14.34375 166 
A = 27.56 
A = 100 B = 41.9 
B = 100 2) AC1  AC2  D = 28.69 
D = 0  I = 28.13 
I = 50
Figure B 1. The effect of accumulation on the reaction dynamics 167 
APPENDIX C 
The method of collocation approximates the dependent variable as the 
polynomial of the axial position. The method of orthogonal collocation 
approximates the solution polynomial as the series of orthogonal polynomials 
of the axial position. The number of spatial positions chosen for the solution of 
the polynomial are the 'zero's of these orthogonal polynomials. Higher the 
number of spatial points used, more accurate the solution becomes. These 
spatial points are called collocation points. Reader is referred to Finlayson 
(1980) and Villadsen and Michelsen (1978) for details. More collocation points 
are needed to fit the polynomial at the steeper region compared to the flatter 
region of the solution polynomial. The collocation points used are the 
characteristic of the type of orthogonal polynomials used. Jacobi polynomials 
used in this thesis have more 'zero's at the extremes of the axial positions 
(Villadsen and Michelsen, 1978). Therefore Jacobi polynomials are good for the 
profiles which are steep at the either side of the boundary. 
Thus once the polynomial is defined the derivatives of polynomials with 
respect to space become algebraic expressions. Thus time dependent partial 
differential equation transforms into time dependent ordinary differential 
equations. Space dependent ordinary differential equation becomes a set of 
algebraic equations (Finlayson, 1980). 168 
By matrix operations the A and B matrices which are first and second 
order derivative operators can be derived (Finlayson, 1980). If order of solution 
polynomial is N, N collocation points are needed along the axial position. Thus 
't is any position represented by 1 to N and '1 varies from 1 to N representing 
the order of polynomial (Finlayson, 1980). 
dT
Thus if Tg = f(z), where z = x /L,  g becomes an algebraic expression. 
dz 
Since to fit f(z), all N points are used, derivative at any point is the linear 
combination of all T . Figure D1 shows qualitatively the positions of 
collocation points for N = 9. 169 
Packed Bed Heat Regenerator 
L 
=  1 2 3 4  5  6  7 8 9
Figure D 1. A qualitative representation of distribution of collocation points. 